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Chapter 1
Introduction
Measurements of the transport properties of a solid provides important
information about the dynamics of quasiparticles. For example, conven-
tional electronic transport strongly depends on the charge mobility, band
structure and scattering processes. Hence, rather simple electrical resis-
tivity measurements can already teach essential characteristics of a solid.
In the presence of an external magnetic field further interesting effects
arise like the well known Hall-effect, which is highly sensitive to the sign
and the density of charge carriers. Magnetic fields are as well very im-
portant for studying superconductors. In zero field electrical transport
in a superconductor is rather trivial since all transport coefficients van-
ish. However, in the mixed state of type-II superconductors magnetic
flux lines (vortices) generate new nontrivial transport phenomena. These
vortices can travel along the superconductor and thereby, for example,
carry entropy. As a consequence, thermal transport properties that in-
volve transverse coefficients like the Nernst-effect contain valuable infor-
mation about the superconducting state.
Since their discovery in 1986 by Bednorz and Mller [1], high-
temperature superconductors (HTSC) have been at the center of enor-
mous scientific activities in condensed matter physics. However, despite
the large research efforts, until now the mechanism of the superconduc-
tivity is still not clarified. Several ordering phenomena have been sug-
gested to either coexist or compete with the superconductivity in this
material. Among them the clearest experimental evidence exists for so-
called stripe correlations, i.e. a stripy segregation of charges and spins in
the CuO2-planes [2, 3]. In the prototype material La2¡xSrxCuO4 these
stripe correlations are observed in a static form when it is structurally
slightly modified due the partial substitution of small Rare Earths like
Nd or Eu for La. Apparently this static stripes are not compatible with
superconductivity since the superconducting order parameter is strongly
suppressed in these cases. There are indications that in the pure, super-
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conducting material stripes are present in a fluctuating form. However,
it is on debate whether these stripes are a prerequisite for supercon-
ductivity or just another competing order parameter. Nernst-effect mea-
surements on high-temperature superconductors may hint to an ordering
phenomenon that sets in at temperatures much higher than the onset
temperature of superconductivity Tc [4]. It has been suggested that the
observed unusual large Nernst signal above Tc arises due to vortex-like
excitations which are made possible in the presence of preformed hole
pairs. It is yet unclear whether further phenomena, like stripe ordering,
have to be considered in order to understand this intriguing observation.
This thesis is devoted to the experimental investigation of the
most important transport properties of the stripe ordering material
La1:8¡xEu0:2SrxCuO4, i.e. electrical resistivity, Hall-effect, thermoelectric
power and Nernst effect and to gain information about the nature of the
striped phase. In the next chapter, transport coefficients and the most
important transport processes are introduced. The third chapter gives
a detailed description of the experimental methods which are used to
perform the measurements. The principles of superconductivity and re-
lated aspects such as Meissner effect and vortex motion are introduced in
the fourth chapter. An introduction to the relevant material properties
of doped La2CuO4 is given in the fifth chapter which is followed by the
sixth chapter, which focusses on some selected transport properties of
the material. The seventh chapter comprises a detailed description of the
experimental results and their discussion.
Chapter 2
Transport Coefficients
2.1 Macroscopic Transport Coefficients
When a thermodynamical system is bought to slightly out of equilibrium,
for example in the case of electrons by applying an electric field or a ther-
mal gradient, it will tend to go back to equilibrium. The equations which
describe the way how the system goes to equilibrium are the transport
equations.
2.1.1 Transport Coefficients (B = 0)
When a gradient of electric field E and temperature gradient rT are
applied to a conductor, the electrical j and thermal jq currents are linear
with them as shown in the following equations i.e.
j = LEEE+ LETrT; (2.1)
jq = LTEE+ LTTrT: (2.2)
Practically, those coefficients are not observed directly, but the following
properties can be measured [5].
Electrical conductivity ¾:
The sample is kept at constant temperature rT = 0 while an electrical
field E is applied. The electrical current j is measured, and the coefficient
¾ determined in the relation
j = ¾E: (2.3)
If we put rT = 0 in Equation 2.1, we obtain
¾ = LEE: (2.4)
5
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Thermopower S:
Under the condition j = 0 a thermal gradient generates an electric field
E = SrT: (2.5)
This effect is called Seebeck-Effect. From comparison with equation 2.1
we get:
S = ¡LET
LEE
: (2.6)
Peltier-Coefficient ®:
ForrT= 0 the electric current through the sample has a thermal current,
which proportional to the applied electric current. This thermal current
can be expressed (Peltier-Effect) as:
jq = ®j: (2.7)
The proportionality constant ® is called Peltier constant. Comparison
with equations 2.1 and 2.2 yields
® =
LTE
LEE
: (2.8)
The thermopower S and the Peltier-Coefficient ® are calculated via the
Kelvin relation as:
® = ST: (2.9)
Thermal conductivity ·:
When a sample is electrically isolated (j = 0) to prevent any electric
current flow through it and a thermal gradient is maintained and the
flux of heat is measured, the required coefficient is · in the relation
jq = ¡·rT: (2.10)
From Equation 2.1 we get,
E =
¡LET
LEE
rT; (2.11)
whence
jq = (LTT ¡ LTE:LET
LEE
)rT; (2.12)
i.e
· = ¡(LTT ¡ LTE:LET
LEE
): (2.13)
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from equations 2.4, 2.6, 2.8 and 2.9 we get
· = ¡LTT ¡ TS2¾: (2.14)
Equations 2.1 and 2.2 can be expressed in terms of the transport
coefficients as:
E = ½j+ SrT (2.15)
jq = ®j¡ ·rT: (2.16)
2.1.2 Transport Coefficients (B 6= 0)
In external magnetic field, there are new two terms proportional to B£ j
and B£rT added to the equations 2.15 and 2.16.
E = ½j+RHB£ j+ SrT ¡ ºB£rT (2.17)
jq = ®j¡ ·²B£ j¡ ·rT + ·RLB£rT: (2.18)
The equations 2.17 and 2.18 describe some new effects, where the applied
magnetic field B is in z -direction and the currents flows in x-y plane.
Hall Effect RH:
The second term in equation 2.17 describes the Hall effect with the Hall
constant RH (where rT = 0 and Ey is the electric field in y-direction):
RH =
Ey
jxBz
: (2.19)
Nernst Effect º:
The fourth term in equation 2.17 describes the Nernst effect with the
Nernst constant º:
º = ¡ Ey
Bz@T=@x
; (2.20)
under the condition of jx = jy = @T /@y = 0.
Righi-Leduc-Effect RL:
When a temperature gradient @T/@x is applied through a sample in
magnetic field Bz, a transverse temperature gradient @T/@y is induced.
This effect is called Righi-Leduc-Effect. The Righi-Leduc-coefficient RL
is expressed as:
RLBz =
@T=@y
@T=@x
; (2.21)
with condition, jx = jy = jq (in y-direction) = 0.
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Ettingshausen-Effect ²:
When an electric current jx is applied through a sample in magnetic
field Bz, a temperature gradient @T/@y is induced. This effect is called
Ettingshausen-Effect. The Ettingshausen-coefficient is expressed as:
² =
@T=@y
jxBz
; (2.22)
with condition, jy = @T/@x = jq (in y-direction) = 0.
2.2 The Boltzmann Equation
The basis of the general kinetic description of transport phenomena is the
Boltzmann equation, from which the electrical and the thermal currents
can be calculated and through comparison with the transport equations
2.1 and 2.2, the transport coefficient can be calculated.
The Boltzmann equation describes the evolution of the distribution
function f(r,k) for the number of particles with positions lying within a
volume element d3r about the position r and a wave vector in a range d3k
centered about k. The Boltzmann equation states that the rate at which
the total number of particles with wave vector in a range d3k about k
changes in a volume element d3r is equal to the rate at which the particle
number changes in the unit volume due to scattering processes, minus
the number of such particles per unit time that are accelerated out the
unit volume [6]. This can be written as
@fk(r;k)
@t
= ¡h¯¡1F ¢ rkfk ¡ v ¢ rrfk + (@fk=@t)scat: (2.23)
F stands for an external force that exerts on the particles and gives
a velocity v to the particle, as for example the Coulomb force in the
case of electrons. (@f/@t)scat describes all contributions of the scattering
process, for example crystal defects as well as the scattering with other
particles. The characteristic properties of solids depend mainly on this
scattering term.
In the stationary state, the left hand side of equation 2.23 disappears,
therefore the equation can be solved and the calculation of the transport
coefficients becomes possible with the following assumptions:
(1) The Boltzmann equation is linearized. By applying the local distribu-
tion function f 0k, the scattering term can be expressed though a function
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in the first order in fk-f
0
k and written as:
@fk
@t
=
fk ¡ f 0k
¿k
=:
gk
¿k
: (2.24)
(2) In the relaxation time approximation, the dependence of the function
¿ on g is neglected, and ¿ depends on the position r and on the wave
vector k. For example, the element of the conductivity tensor ¾xx is
obtained as:
¾xx = ¡e2
Z dk
4¼3
@f 0k
@²
À2x¿ =
ne2
m
¿; (2.25)
where À is the velocity and m is electron mass.
2.3 Transport Processes in Simple Metals
2.3.1 Resistivity
In the Drude Model, when a potential difference exist between two points
along a conductor, a uniform electronic field E is established along
the axis of the conductor. The current density j is expressed as j =
(ne2¿=m)E and the resistivity ½ is expressed as
½ =
m
ne2¿
; (2.26)
where n is the charge density, m is the Mass, and ¿ is the relaxation
time [7].
Electrons moving through a metallic conductor are scattered not only
by phonons but also by lattice defects, impurity atoms, and other im-
perfections in an otherwise perfect lattice. This impurities produce a
temperature-independent contribution that places an upper limit on the
overall electrical conductivity of the metal. According to Matthiessen’s
rule, the conductivity arising from the impurity and phonon contribution
add as reciprocals; that is, their respective individual resistivity ½ and
½ph add to give the total resistivity.
½(T ) = ½0 + ½ph(T ): (2.27)
The phonon term ½ph(T) is proportional to the temperature T at high
temperature (T > ΘD) and to T
5 via the Bloch’s law at low temperature
(T¿ ΘD) [5].
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The expression for the electrical conductivity using the Boltzmann
method in the relaxation time approximation is [5]
¾(¹) =
e2
3
À2(²)¿(²)D(²)j²=¹; (2.28)
where À is the velocity of the electrons, ¿ is the relaxation time and D
the electron density of states. This formula should be accurate at low
temperatures for not very pure metals where the impurity scattering
predominates, or at TÀ µD where the scattering with phonons can be
considered as quasielastic. Nevertheless, it has been shown [8] that this
expression is also accurate at low temperature when only phonon inelas-
tic scattering is considered. The formula is also accurate for correlated
systems in the low temperature range [9].
2.3.2 Thermopower
In a normal metal carriers moving along a thermal gradient accumulate
on the cold side of the sample and they induce an electric field opposing
the thermal force, this electric field in turn induces an electric current in
the opposite direction to the thermal current. In steady state these two
currents are equal in the magnitude and opposite in sign, so that jx =
0 (assuming the thermal gradient in x direction). The electric field gives
rise to an electrostatic potential difference ∆V between a two points of
the conductor with temperature gradient ∆T: ∆V = S∆T, where S is
called the thermopower, thermoelectric power, or Seebeck coefficient.
Diffusion thermopower
The thermopower of metals can be described with the Boltzmann-Bloch
equations. There are two kinds of scattering events, elastic and inelastic
scattering. The elastic scattering occurs mainly on impurities and dislo-
cations, while the most important inelastic process is the scattering of
electrons by phonons. The diffusion thermopower is derived for metals in
which only elastic scattering is taken into account and can be expressed
as the following [7]
S = ¡Π
2k2BT
3e
[
1
¾(¹)
@¾(¹)
@¹
]¹=²F : (2.29)
This relation is known as Mott formula for the diffusion thermopower.
Here ¾(¹) is the electrical conductivity as a function of the energy ¹,
²F is the Fermi energy, kB the Boltzmann constant, and e the electron
charge.
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Electron-Phonon Mass Enhancement
An important consequence of the interaction between electrons and
phonons is the modification of the electronic band structure near the
Fermi surface, which leads to a renormalization of the effective mass of
the electron. This phenomenon is called electron-phonon mass enhance-
ment. This change in the band form near the Fermi surface normally
causes an enhancement of the thermopower.
Sd = (1 + ¸)Su; (2.30)
where Su is the diffusion thermopower of the unrenormalized band, and
Sd is the enhanced diffusion thermopower by factor ¸. The factor ¸ is tem-
perature dependent since the renormalization takes place near the Fermi
surface within a layer of thickness h¯!D (!D is the Debye frequency). As
the temperature increases far above the Debye temperature, the number
of electrons that feel the mass enhancement decreases. For metals, the
theoretical value of ¸ varies between 0.1 and 0.3. The mass enhancement
of the thermopower is usually obscured by the phonon drag effect, which
appears in the same temperature region as the mass enhancement. This
effect will be discussed below. However, for materials where the impurity
scattering dominates at low temperature, it is possible to observe the
effect experimentally [10].
Phonon Drag
In the derivation of the contribution of phonon scattering to the thermo-
electric power, the expressions obtained for the diffusion thermopower
rely on the assumption that the phonon distribution is in equilibrium.
This is obviously not the case since there is a temperature gradient. the
resulting heat flow by phonon brings about an important correction to
the diffusion thermopower. Since phonons interact with the electrons,
there will be a momentum transfer from the phonon flow to the electron
flow causing an addition contribution to the electric thermopower. This
contribution is known as phonon drag thermopower Sg.
Sg /
(
T 3 for T ¿ µD
T¡1 for T À µD (2.31)
The phonon drag thermopower will grow rapidly at low temperature, it
will have a maximum and then it will decrease like 1/T . This will appear
as a peak in the total thermopower of a metal.
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2.3.3 Hall Effect
A current flowing under the influence of an electric field E consists of
carriers with average velocities parallel to E. By applying a magnetic field
B perpendicular to this direction, we can be sure to have the maximum
effect on the carriers. The carriers will be deflected into the direction
v£B and will thus tend to pile up on the side of the specimen. This can
only continue until a space-charge builds up just to balance the magnetic
deflection. This transverse electric field EH characterizes the Hall effect.
It is usual to define the Hall coefficient, RH , such that
EB = RHjB; (2.32)
where j is the current flowing perpendicular to the field B and EH is
measured perpendicular to both B and j. The charges of opposite sign
moving in the opposite direction along the specimen will deflected to the
same side by the magnetic field. To counterbalance this, EH would have
to be in the opposite direction, because of the changed sign of the carriers.
The Lorentz force on carriers, of density n and of charge e, moving
with drift velocity v, would have to be balanced by the electric field EH ,
that is,
eEH + ev £B = 0: (2.33)
But the bulk current would be
j = nev; (2.34)
so that
EH =
1
ne
B£ j; (2.35)
that is,
RH =
1
ne
: (2.36)
It is obvious directly that RH depends on the sign of the charge e.
The Hall effect arises from finite off-diagonal conductivity ¾xy with
the Hall coefficient RH defined as
RH =
Ey
jxBz
=
½yx
Bz
; (2.37)
where
½yx =
¾xy
¾xx¾yy ¡ ¾xy¾yx ; (2.38)
2.3 Transport Processes in Simple Metals 13
Figure 2.1: (a) Geometry of the Nernst experiment in the vortex liquid
state. Vortices (disks with vectors) flow with velocity v down the gradient
-rT k x. Phase slippage induces a dc signal Ey that is antisymmetric
in H. The lower panel (b) shows the currents produced by the E-field
and thermal gradient. The slight difference between their y-components
engenders the carrier Nernst signal [12].
where ¾xx = jx/Ex and ¾yy = jy/Ey are the diagonal conductivities.
The Hall angle is defined as
tan µH ´ ½H
½
´ RHB
½
: (2.39)
2.3.4 Nernst Effect
The Nernst effect is a thermomagnetic effect, in which a transverse elec-
trical potential difference is induced in the presence of a longitudinal
thermal gradient and a perpendicular magnetic field.
Normal state
In the presence of a magnetic field along z direction, the carriers moving in
+x and -x directions along thermal gradient will be deflected to opposite
sides along the y-axis (see Figure 2.1). In the simplest case of a spherical
Fermi surface and one type of carrier, this two current will be equal
to each other, and no transverse voltage will be induced. However in
general the two currents will not cancel out exactly because of the energy
dependence of the scattering time [11]. In order to satisfy the boundary
conditions of jy = 0, a transverse potential has to be induced, which is
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the Nernst voltage. Following Ref [12] these ideas can be summarized by
starting from the general Equation:
j = ¾¯ ¢ E+ ®¯ ¢ (¡rT); (2.40)
where ¾¯ is the electrical conductivity tensor and ®¯ is the thermoelec-
tric (Peltier) tensor. Solving Equation 2.40 for jx yields:
jx = ¾xxEx + ®xx(¡@xT ): (2.41)
The first term in Equation 2.41 is the current due to the electrical
potential of the accumulating charge on the cold side of the sample, and
the second term is the thermal current due to applied temperature gra-
dient. Imposing the boundary condition jx = 0 on Equation 2.41 results
in:
Ex =
®xx@xT
¾xx
: (2.42)
Solving Equation 2.40 for jy yields:
jy = ®yx(¡@xT ) + ¾yxEx + ¾yyEy + ®yy(¡@yT ): (2.43)
The first two terms in Equation 2.43 are due to deflection of the carriers
moving in the § xˆ directions (the two terms in Equation 2.41) by the
magnetic field in the zˆ direction, the third term is related to the required
Nernst effect to satisfy the boundary condition of jy = 0. By using Equa-
tions 2.42 and 2.43, the condition jy = 0, the definition ey= Ey /@xT (the
Nernst voltage per unit temperature gradient), and putting ®yy(-@yT) =
0, one obtains:
ey = (®yx=¾xx) + (¾yx=¾xx)Ex = [®yx=¾xx ¡ S tan µ]: (2.44)
The last Equation results from substituting in the tangent of the Hall
angle tan µ = ¾yx/¾xx, and the thermopower S = ®yx/¾xx. Due to the
linear magnetic field dependence of Ey (Lorentz force), the Nernst signal
should have a linear magnetic field dependence for a normal metal. The
two terms on the right hand side of Equation 2.44 cancel exactly for a
normal metal with only one type of carriers and with an energy indepen-
dent scattering time(¿). This is called ”Sondheimer cancellation” [4].
Even with an energy dependent ¿ in one carrier system, ey is very small.
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Superconducting State
For superconductors the thermomagnetic effects have a different
mechanism. In the Meissner state the superconducting condensate has
uniform entropy, and there are no single charge carriers like electrons
or holes. Therefore, applying a thermal gradient does not induce any
flow of charge carriers. In the mixed state there are vortices that carry
additional entropy compared to the superconducting condensate around
them. Vortices experience a pinning force, fp, which prevents them from
flowing. In the case of an applied thermal gradient, the vortices carrying
transport entropy per unit length of SÁ experience a thermal force per
unit length of:
fth = ¡SÁrT: (2.45)
When the thermal gradient and the magnetic field are large enough for
thermal force to overcome the pinning force, a viscous flow of vortices is
observed. This flow can be represented by
´vÁ = ¡(fp + SÁrT ); (2.46)
where ´ is the damping coefficient and vÁ is the velocity of the vortices.
Josephson showed that a vortex moving in a perpendicular magnetic field
induces a transverse electric field given by (E = vÁ£B) [13]. This force
does not originate from Faraday effect. It is due to the phase slip that
the vortex induces by moving from one point in the superconductor to
another. Even though the mechanism that gives rise to the Nernst effect
in a superconductor is different from of a normal metal, Equation 2.42 and
Equation 2.44 are still valid for superconductors since they are expressed
in terms of general quantities such as ¾¯ and ®¯. The only difference is that
instead of electrons or holes, vortices should be thought of as the carriers
of entropy.
Chapter 3
Experimental Techniques
3.1 Samples
The transport properties have been studied for single crystals of the fol-
lowing compositions: (I) La1:85Sr0:15CuO4. (II) La1:8¡xEu0:20SrxCuO4
for x = 0.08, 0.125, 0.15, and 0.20. (III) Bi2Sr2¡yLayCuO4, y=0.5.
La1:8¡xEu0:20SrxCuO4 samples have been prepared by the travel-
ling floating zone method [14] and characterized by U.Ammeral and
A.Revcolevschi of University of Paris-Sud. Bi2Sr2¡yLayCuO4 has been
prepared in the group of B.Keimer at Max Plank Institute for Solid State
Research Physics, Stuttgart.
3.2 Examination of the Crystal Orienta-
tions
One of the basic properties of the high temperature superconductors is
the strong anisotropy of the electronic and magnetic properties which
has to be considered in the transport measurements. Since the single
crystals, which were prepared by the travelling solvent method, do not
cleave along certain crystal planes, suitable oriented pieces for transport
measurements had to be cut from large crystals. In order to determine
the crystal orientation, the x-ray-reflection Laue method has been used.
With a wire saw the crystals were cut very precisely parallel and per-
pendicular to the c axis with an accuracy of §2±. For the Hall effect
measurements thin platelets (¼ 200¹m) have been prepared, which yield
a better accuracy of the Hall voltage. Figure 3.1 shows the diffraction
pattern for La1:8¡xEu0:20SrxCuO4 x = 0.12, the incident x-ray is parallel
to the c-axis.
.
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Figure 3.1: Laue x-ray diffraction for La1:8¡xEu0:20SrxCuO4, x = 0.12, the
x-ray is parallel to c-direction of the crystal.
3.3 Experimental Errors
There are different sources of errors that should be considered, to get
accurate measurements. The considered errors have to be as minimized
as possible.
² Geometry: In all measurements the uncertainty in the determina-
tion of the sample geometry, for example the interval length of the
contacts, produce about 10% error in the absolute values.
² Instruments: The used instruments are of high accuracy. Errors due
to instrumentation are therefore negligible.
² Calibration of thermocouple: The uncertainties, coming through an
error in the calibration of the thermocouple, produce about 5 % of
the absolute value of the thermopower and the Nernst coefficient.
3.4 Sample Holder
The sample is installed in a probe with which the temperature can be
stabilized with absolute stability of 1 mK. As shown in Figure 3.2, the
sample holder is connected to 4-Stainless Steel capillary rods, through
which 50 ¹m Cu-wires are installed for the measurements. The sample
holder is surrounded by a Copper cylinder as a chamber. A Stainless Steel
tube is used as a very tight closed chamber, which allows to evacuate
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Figure 3.2: Schematic view of the sample cell with the sample holder.
down to 10¡5 mbar. Liquid Helium 4He is used to cool down the sample
from room temperature to about 5 K. For this the probe has to be placed
into the bath of a cryostat. The vacuum and the heater surrounding
the sample holder allow to heat up the sample safely from about 5 K
to room temperature again. A thermal switch is used to improve the
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heat flow between the sample holder and the reservoir. The exact sample
temperature is measured by two cernox temperature sensors, one of them
installed at the base of the holder and the second is installed near the
sample. The sensors were read by a Lakshore 340 temperature controller.
3.5 Resistivity
The electrical resistivity measurements for all samples have been
done using a standard four-probe-technique on bar shaped samples
(typical dimensions: 1mm£1mm£ 3mm) cut from a main single crystal
rod. For the electrical contact, 50 ¹m diameter Cu-wire and 2-component
silver epoxy glue (Epo-Tek H20E from Polytec, Waldbronn) were used.
In order to improve the contact resistance, the sample was heat treated
in air at 400±C and quenched in air to room temperature. The contact
resistance was in the order of 1 Ω. The advantage of this kind of glue is
the stability of its physical properties during the measurement.
While a constant DC electric current (typically 1 mA) is applied
through the sample (by a Keithley 2400 constant current source), the
voltage drop between two points on the sample surface is measured (us-
ing a nanovoltmeter Keithley 2182). To cancel the thermal voltage in the
leading wires the current is repeatedly reversed each 4 seconds, which
is sufficient to get stable reading. To get the electrical voltage drop VR
between the electrical contacts, the measured voltage drops V(+) and
V(-) are subtracted and divided by two. To measure the temperature
dependence of the resistivity, the temperature is varied with a typical
rate of (2K/min). The resistivity of the sample can be obtained from the
following Equation,
½ =
VRwd
Il
(3.1)
w and d are the width and the depth of the sample, l is the distance
between the two electrical contacts, I is the applied current.
3.6 Thermopower
3.6.1 Experimental Setup
Figure 3.3 shows a schematic view of the sample with the sample holder
in the thermopower measurement. It consists of a sample and wires with
junctions at different temperature T1 and T2 = T1 + ∆T. The thermo-
electric power S can be evaluated from the measurement of the potential
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Figure 3.3: Schematic view of the sample with the sample holder in the
thermopower measurements.
difference ∆V across the sample and the wires. The measured voltage is
∆V =
Z T2
T1
SsdT ¡
Z T1
T2
SwdT; (3.2)
where T1 is the temperature of the cold part of the sample and T2 is the
temperature of the warm part. Ss and Sw are the Seebeck coefficient of
the sample and the connecting wire, respectively.
∆V
∆T
= Ss ¡ Sw = Sm; (3.3)
resulting in
Ss = Sw + Sm; (3.4)
where Sm is the measured thermoelectric power.
Installation of the sample
One end of the sample is cemented to the copper base with GE varnish. To
get a good electrical isolation between the sample and the sample holder,
a cigarette paper is installed between them. A thin chip heater of 1 KΩ is
attached to the other end of the sample to produce the required temper-
ature gradient along the sample. A differential thermocouple (Material:
Au-0.07 at%/Chromel-P. Producer: Leico Industries Inc., Diameter: 76
¹m) is attached to the sample with GE varnish (IMI 7031 Insulating
Vanish which is a good electrical isolator and good thermal conductor)
to measure the temperature gradient, two 50 ¹m Copper-wires provide
3.7 Hall Effect 21
the electrical contact to the sample to measure the thermoelectrical volt-
age. The thermal voltages coming from the leads are minimized by heat
sinking these wires to the copper base.
3.6.2 Procedures and Data Acquisition
At stabilized temperature (§2mK) while the heater is off, the thermal
and the electrical voltages ∆Voffth and ∆V
off
el are measured separately
and recorded continuously with the rate of one data point per second
in 300 seconds time duration. This time duration is sufficient to get the
steady state condition and a stable signal (§5nV). Then the heater is
switched on to produce a temperature gradient through the sample, the
thermal and the electrical voltages ∆Vonth and ∆V
on
el are again measured
and recorded for the same time duration. To cancel the ground signal
from both the electrical and thermal voltages in the case of heater on,
the average value of the last 20 points of the ∆V in the two cases (heater
on and heater off) are subtracted
∆Vth = j∆V onth ¡∆V offth j (3.5)
∆Vel = j∆V onel ¡∆V offel j (3.6)
and the pure thermal and electrical voltages ∆Vth and ∆Vel, which are re-
lated to the applied temperature gradient, are obtained. The temperature
gradient ∆T through the sample is proportional to the ∆Vth measured
by the thermocouple. From the thermopower of the calibrated thermo-
couple, the temperature gradient through the sample can be obtained.
The measured thermopower Sm is obtained by dividing the pure electri-
cal voltage drop ∆Vel by the temperature gradient ∆T. The used copper
wire for the electrical contact is calibrated, so that the thermopower of
the copper wires Sw is known. Then the real thermopower of the sample
at one temperature set point can be obtained from Equation 3.4. The
temperature dependence of the thermopower of the sample Ss can be
obtained by repeating the previous steps with different temperature set
points.
3.7 Hall Effect
To measure the transverse Hall voltage, the electrical contacts of the Hall
voltage should be exactly at the same position on the two longer sides of
the sample. In this situation, in the absence of magnetic field the offset
voltage will be zero. Then by applying magnetic field one can measure the
real Hall voltage. But practically, it is quite difficult to get a zero voltage
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Figure 3.4: Schematic view of the sample for Hall effect and resistivity
set up measurements.
drop between the electrical contacts of the two sides of the sample (see
Figure 3.4).
Five-probe method
In the five-probe-method, with a potentiometer (variable resistance) the
offset-voltage can be compensated in zero magnetic field by adjusting
the variable resistance at certain value at each temperature set point
(see Figure 3.5). The advantage of this method is that we do not need to
reverse the magnetic field to cancel the offset voltage. However, the offset
voltage is temperature dependent. Moreover, the offset voltage depends
on the homogeneity of the sample, the geometrical factor of the sample
and also the magnetoresistance. So that this method was not used in this
study.
Four-probe method
In the four-prob-method the electrical contact of the Hall voltage should
be balanced to minimize the offset voltage and the magnetic field should
be reversed. In this method all the previous disadvantages are cancelled.
So that the temperature dependence of the Hall effect was measured
using the four-probe-method by different two modes.
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Figure 3.5: The Hall
contact for (a) five
probe- and (b) four
probe-techniques.
Mode-1
In certain constant applied magnetic field, the temperature of the sample
is drifted from room temperature to 5 K in the rate of about 2 K/min,
while the voltage drop between the Hall contacts V(+B) is measured
continuously. Then the magnetic field is reversed and the voltage drop
between the Hall contacts V(-B) is measured again. The pure Hall voltage
is calculated from
VH =
V (¡B)¡ V (B)
2
: (3.7)
This mode is fast and easy to measure the temperature dependence of
the Hall effect. However, the disadvantage of this mode is that the results
is not reproducible because of the temperature drift rate dependence of
the Hall voltage.
Mode-2
At stabilized temperature (§ 2 mK), the magnetic field is ramped to 8
Tesla (1 Tesla/min). The voltage drop V(B) is measured at 8 Tesla for
30 seconds. Then the magnetic field is ramped to the opposite direction
to (-8 Tesla). The voltage drop V(-B) is measured at (-8 Tesla) again for
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Figure 3.6: The temperature dependence of the Hall coefficient for
La1:85Sr0:15CuO4 single crystal in ab-plane.
30 seconds. The pure Hall voltage under 8 Tesla is calculated from Equa-
tion 3.7, then the Hall coefficient can be calculated from the following
Equation,
RH =
VHd
IB
: (3.8)
where d the thickness of the sample, I the electrical current, and B the
applied magnetic field.
Test of the method
The first Hall measurements have been tested with a well known metal
(copper) to establish the setup. The obtained absolute values of the Hall
coefficient at different temperatures (for example, at T = 180K and 20K
RH = 0.51 and 0.59 £10¡24 cgs system respectively) were very closed to
the published data (T = 70K and 20K RH = 0.57 and 0.59 £ 10¡24 cgs
system respectively ) [15]. Figure 3.6 shows the temperature depen-
dence of the Hall coefficient for La1:8¡xSrxCuO4, x = 0.15 single crystal
which fits very well with published data [16].
3.8 Nernst Effect
The sample is installed in the sample holder, as described in section 3.6, in
such a way that the ab-plane is perpendicular to the magnetic field. The
electrical contact is attached to the two longer sides of the sample, the
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Figure 3.7: Schematic view of the sample with the sample holder for the
Nernst effect set up measurement.
displacements between the two electrical contacts is lowered as possible
to minimize the thermoelectrical voltage signal in zero magnetic field.
The temperature gradient is measured by the differential thermocouple
(as in thermopower measurements).
Temperature dependence of Nernst signal Mode-I
In an external static magnetic field, the temperature is ramped in steps.
At each step the temperature is stabilized (§ 2 mK), the transverse volt-
age drop V(+B) and the temperature gradient ∆T through the sample
are measured (see section 3.6.2). The magnetic field is reversed and the
transverse voltage V(-B) is measured. For each step of the temperature
setting point the Nernst voltage can be calculated from the following
Equation,
VQ =
[V (+B)¡ V (¡B)]
2
; (3.9)
and the Nernst coefficient can be calculated from
Q =
VQl
bBj∆T j ; (3.10)
where b is the distance between the two electrical contacts, l is the dis-
tance between the two thermal contacts, ∆T is the temperature gradient
between the two thermal contact and B is the applied magnetic field.
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Figure 3.8: The observed Nernst signal ey = Ey/rT versus field B up
to 15 Tesla for the superconducting Bi2Sr2¡yLayCuO4, y = 0.5 single
crystal. The pronounced negative curvature extends to temperature far
from the Tc.
Magnetic field dependence of the Nernst signal Mode-II
At stabilized temperature (§ 2 mK), with B= 0, ∆Vel and ∆Vth are mea-
sured for 30 minutes to test the stability of the ground signals (§ 5 nV).
The temperature gradient through the sample was in the range of 0.3 K.
The magnetic field is swept from zero to 14 Tesla in rate of 1 Tesla/min.
While the magnetic field is sweeping from +14 to -14 Tesla with ramping
rate of 0.3 Tesla/min the transverse voltage ∆Vel and the thermal voltage
∆Vth are measured, then V(+B) and V(-B) can be obtained. By using
the field dependence of the thermopower for the calibrated thermocou-
ple, the field dependence of the temperature gradient through the sample
can be obtained. For each temperature point, by using Equations 3.9 and
3.11, the field dependence of the Nernst signal Ey(B) can be obtained:
Ey(B) =
VQ(B)l
b∆T (B)
: (3.11)
Test of the method
The Nernst effect measurements has been tested with two superconduct-
ing single crystals La2¡xSrxCuO4, x = 0.15 and Bi2Sr2¡yLayCuO4, y =
0.5 (see Figure 3.8) with accuracy of § 2 nV/KT. The obtained data are
in good agreement with the data from Wang et al. [12].
Chapter 4
Superconductivity
The most important features of a superconductor are:
1- A superconductor has no measurable DC electrical resistivity in zero
magnetic field.
2- A superconductor can behave as a perfect diamagnet. A supercon-
ducting sample, in a thermal equilibrium and in an applied magnetic
field, carriers electrical surface currents. This currents give rise to an ad-
ditional magnetic field that precisely cancels the applied magnetic field
in the interior of the superconductor (Meissner-Effect).
4.1 Meissner Effect and London Theory
F. London and H. London first examined in a qualitative way the funda-
mental fact that the superconductor permits no magnetic field in its in-
terior. Suppose that an electric field arises within a superconductor [17].
The superconducting electrons of density ns will be freely accelerated
without dissipation so that their mean velocity vs will satisfy
m
dvs
dt
= ¡eE; (4.1)
since the current density carried by these electrons is j = -evsns can be
written as
d
dt
j =
nse
2
m
E: (4.2)
Substituting Equation 4.2 into Faraday’s law of induction
r£ E = ¡@B
@t
(4.3)
gives the following relation between current density and magnetic field:
@
@t
(r£ j+ nse
2
m
B) = 0: (4.4)
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This relation, together with the Maxwell Equation
r£B = 4¼j (4.5)
determines the magnetic fields and current densities that can exist in a
perfect conductor with ½ = 0. Any static field B determines a static cur-
rent density j through Equation 4.5. Since any time-independent B and
j are trivially solutions to Equation 4.4, the two equations are consistent
with an arbitrary static magnetic field. This is incompatible with the
observed behavior of superconductors, which permit no fields in their in-
terior. This characteristic behavior of superconductors could be obtained
by restricting the full set of solutions of Equation 4.4 to those which obey
r£ j = ¡nse
2
m
B; (4.6)
which is known as the London equations and describe the Meissner effect.
Equations 4.5 and 4.6 imply that
r2B = 4¼nse
2
m
B; (4.7)
r2j = 4¼nse
2
m
j: (4.8)
These equations, in turn, predict that currents and magnetic fields in
superconductors can exist only within a layer of thickness ¸ of the surface,
which is known as the London penetration depth, given by
¸2L =
m
4¼nse2
: (4.9)
The temperature dependence of ¸ is expressed as:
¸(T ) =
¸L(0)
(1¡ ( T
Tc
)4)2
: (4.10)
4.2 BCS Theory
The theory from Bardeen, Cooper, and Schrieffer (1957) is the first
microscopic theory of superconductivity. An attractive interaction
between electrons mediated by phonons can lead to a ground state
separated from excited states by an energy gap. The critical field, the
thermal properties, and most of the electromagnetic properties are
consequence of the energy gap. The penetration depth and the coherence
length emerges as natural consequence of the BCS theory. The London
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Figure 4.1: Schematic phase diagrams of conventional superconductors
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Equation is obtained for magnetic fields that vary slowly in space. Thus
the central phenomenon in superconductivity, the Meissner effect, is
obtained in a natural way. The criterion of the transition temperature
of an element or alloy involves the electron density of orbitals D(²F )
at the Fermi level and the electron lattice interaction U, which can
be estimated from the electrical resistivity. For U D(²F )¿ 1 the BCS
theory predicts
Tc = 1:14µD exp[¡1=UD(²F )]; (4.11)
where µD is the Debye temperature. The result for Tc is satisfied at least
qualitatively by the experimental data. The BCS ground state involves
pairs of electrons; thus flux quantization in terms of the pair charge 2e
is a consequence of the theory. The BCS theory predicts that near the
critical temperature (in zero field) the energy gap ∆ vanishes according
to the universal law
∆(T )
∆(0)
/ (1¡ T
Tc
)1=2; (4.12)
and for the critical field Bc(T)
Bc(T )
Bc(0)
¼ 1¡ ( T
Tc
)2: (4.13)
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4.3 The Ginzburg-Landau Theory
The phenomenological theory of Ginzburg and Landau is used to
model superconductivity. They argued that the free energy F of a
superconductor near the superconducting transition can be expressed in
terms of a complex order parameter Ã, which describe how deep into
the superconducting phase the system is. The free energy has the form
F = Fn + ®jÃj2 + ¯
2
jÃj4 + 1
2m
j(¡{h¯r¡ 2eA)Ãj2 + ¹0B
2
2
; (4.14)
where Fn is the free energy in the normal phase, ® and ¯ are phenomeno-
logical parameters. A is the electromagnetic vector potential, and B is
the magnetic field. By minimizing the free energy with respect to fluc-
tuations in the order parameter and the vector potential, one arrives at
the Ginzburg-Landau equations
®Ã + ¯jÃj2Ã + 1
2m
(¡{h¯r¡ 2eA)2Ã = 0; (4.15)
J =
2e
m
(Ã¤(¡{h¯r¡ 2eA)Ã); (4.16)
where J denotes the electrical current density. The first Equation
determines the order parameter Ã based on the applied magnetic field.
The second Equation then provides the superconducting current.
The Ginzburg-Landau equations produce many interesting and valid
results. The most important of these is its prediction of the existence of
two characteristic lengths in a superconductor. The first is a coherence
length », given by
»(T ) =
vuut h¯2
2mj®(T )j ; (4.17)
which describes the size of the thermodynamic fluctuation in the super-
conducting phase. The temperature dependence of the coherence length
³ near Tc is through
»(T ) / 1q
1¡ T
Tc
(4.18)
obtained. The second is the penetration length ¸ (see Equation 4.9). The
ratio · = ¸
»
is known as the Ginzburg-Landau parameter.
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4.4 Type I and Type II Superconductors
Superconductors can have different response in external magnetic
field. In most materials the external magnetic field penetrate the
superconductor over a certain range of field strengths, while in others
the magnetic field is expelled. Superconducting materials are therefore
divided into two classes called type I and type II superconductors. Type
I superconductors expel magnetic flux below a critical field Bc(T) and
the Meissner state disappears at the critical field Bc. As result, the
material becomes in normal state.
In a type II superconductors, the external magnetic field penetrates
the superconductor above a lower critical magnetic field Bc1 in the
form of thin normal cylinder, which are called vortices. Each vortex
carries one flux quantum, Á0 = h/2e. The fundamental difference
between these two groups is that the coherence length », which is
a characteristic size of the pair wave function. In type I supercon-
ductors, » is longer than the London magnetic penetration depth
¸ while » is smaller than ¸ in type II materials. The criterion that
determines whether a superconductor is of type I or type II is the
Ginzburg-Landau parameter ·. Ginzburg and Landau analyzed the
energy of the interface between a normal and a superconducting phase,
kept in equilibrium in the bulk by an external magnetic field at the
critical value. They found analytically that the surface energy vanishes at
· = ·c =
1p
2
»= 0:707: (4.19)
The physical meaning of this critical value was clarified by Abrikosov.
It separates between type I (·< 1p
2
) and type II (·> 1p
2
) superconductors.
Figure 4.1 shows the phase diagram for the two types of supercon-
ducting materials. These superconductors are characterized by perfect
diamagnetism. In type II superconductors, the Meissner state exists up
to lower critical field Bc1, and the vortex state continues up to an upper
critical field Bc2 where superconductivity disappears.
The field in the normal core of the vortex will be Bc1 when the applied
field is Bc1. This field will extend out from the normal core a distance ¸
into the superconducting environment. Bc1 can be expressed as:
Bc1 ¼ Á0=¹0¼¸2: (4.20)
At Bc2 the vortex are packed together as tightly as possible, consis-
tent with the preservation of the superconducting state. This means as
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densely as the coherence length will allow. The external field penetrate
the specimen almost uniformly, with small ripples on the scale of the
vortex lattice. Bc2 can be expressed as:
Bc2 ¼ Á0=¹0¼»2: (4.21)
The larger the ratio ¸/», the larger is the ratio of Bc2 to Bc1.
4.5 Flux Motion
4.5.1 The exerted Forces on Vortices
The mutual-repulsion Lorenz-force fL between vortices arising from the
interaction of the current density j of one vortex with the flux Á of an-
other causes the vortices to become arranged in the hexagonal equilib-
rium configuration. During the equilibration process each moving vortex
experiences a frictional or damping force f that retards its motion and
a second force, called magnus force fB. Many vortices become trapped
at pinning centers and hinter the motion of nearby vortices. When the
pinning force fp are not sufficiently strong to prevent flux motion, the su-
perconductor is called soft; otherwise it is called hard. When a transport
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current is present, the Lorentz force acts to unpin the vortices and in-
duces a collective motion. When the pinning force still dominant this very
slow motion is called flux creep, and when the Lorentz force dominates,
the faster motion is called flux flow.
Lorentz force fL
The force between two vortices may be considered as arising from the
interaction between the magnetic field B of one vortex and the current
density j present at the position of this field and arising from the other
vortex. The Lorentz force fL acting on a vortex with a flux Á0 is given
by
fL = j£ Á0 (4.22)
Magnus force fM
The Magnus effect involves the force that exerted on a spinning object
moving through a fluid medium. This force arises from the Bernoulli
Equation for steam line flow.
1
2
½º2 +P = const; (4.23)
where 1
2
½º2 is the kinetic energy density, P is the pressure, and the
gravity term ½gh is negligible and hence omitted. When a vortex is
moving through a medium at the speed ºÁ, as shown in Figure 4.2a.
From the view point of an observer on the vortex the medium is moving
at speed -ºÁ as indicated in Figure. 4.2b. On one side of the vortex
the velocity ºs of the circulating current adds to the velocity of the
medium and on the other side it subtracts from it, in accordance with
Figure. 4.2a and for these two cases Equation 4.23 assumes the scalar
form
1
2
½(ºÁ § ºs)2 +P§ = const: (4.24)
Since the kinetic energy is larger for the positive sign. It follows from
Equation 4.24 that P+< P¡. This pressure difference causes a force Flift
to be exerted on the moving vortex in a direction at right angles to its
velocity, toward the lower pressure side. The resulting deviated path
is shown in Figure 4.2c. The sideways acting force, called the Magnus
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force, is given by
fM = ¡®nse(vÁ £ Á0); (4.25)
where ® is the Magnus coefficient which has different values in different
models and ns is the flux density.
Thermal force
In response of a temperature gradient through a superconductor, the
vortices can transport entropy. The vortices move from the warm side to
the cold side of the sample, in the opposite direction of the temperature
gradient, with an entropy force
fs = ¡sÁrT: (4.26)
4.5.2 Phenomenological Theories
In the following some simple phenomenological theories of the flux
motion will be presented. The first Models maintained that the deriving
force is the Lorentz force
f = fL = j£ Á0 = nev £ Á0 (4.27)
and it is compensated through a viscosity force of form
f´ = ¡´vÁ: (4.28)
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Moreover, there is a pining force fp, thus the Equation of motion can be
written as the following
nevÁ £ Á0 = ´vÁ + fp: (4.29)
One can get the magnetoresistance
½f =
dE
dj
=
Á0
´
B (4.30)
and the critical current density
jc =
fp
Á0
: (4.31)
To understand the Hall effect in the vortex state, the Lorentz force
should be replaced by the magnus force
f = fM = ne(v ¡ vÁ)£ Á0: (4.32)
Therefore the Equation of motion can be expressed as
ne(v ¡ vÁ)£ Á0 = ´vÁ; (4.33)
from which one can get the Hall angle,
tan®B =
neÁ0
´
: (4.34)
In case of the thermomagnetic effect, in which a thermal gradient is
applied and the Entropy force sets on, in the absence of the electrical
current one can put v = 0, therefore the Equation of motion can be
expressed as
¡sÁrT ¡ nevÁ £ Á0 = ´vÁ; (4.35)
and the thermal Hall angle
tan®Hth = ¡ ´
neÁ0
= ¡ 1
tan®H
; (4.36)
i.e. the tangent of the thermal Hall angle is the reciprocal for the tangent
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of Hall angle driven by electrical current. The main problem of this
Model is that the calculated tangent of the thermal Hall angle
tan®Hth » "F4 » 10
4 (4.37)
is not observed experimentally.
Various theories have been proposed to explain steady state vor-
tex motion. It is common to assume that the core of the vortex is
normal, T ¿ Tc, ® = 1 and the vortices move freely without any
influence from pinning. Relaxation is so rapid that the distance a vortex
moves in one relaxation period ,¿Á, is small compared to the core radius
». Bardeen and Stephen (1995), Van Vijfeijken and Niessen (1966), and
Nozie`res and Vinen(1966) [19, 20, 21] have proposed models for steady
state motion based on assumption of this type.
4.5.3 Steady-State Vortex Motion
When the Lorenz force exceeds the pinning force in region of constant
current density j, motion begins. The vortex with an effective mass per
unite length mÁ is set into motion and accelerated by the Lorenz force
j£Á0 and the two velocity-dependent forces come into play. One possible
Equation of motion is
j£ Á0 ¡ ®nse(v £ Á0)¡ ¯v = mÁdv
dt
: (4.38)
In steady state motion [22], and in more general expression, Equation
4.38 is written in terms of an unspecified dissipative force f ,
j£ Á0 ¡ ®nse(v £ Á0)¡ f = 0; (4.39)
with the Lorentz force j£Á0 balanced by the two velocity-dependent
forces.
For the case of steady-state vortex motion with the viscous re-
tarding force f given by ´v, the vectors ´v and ®nse(v £ Á0) are
mutually perpendicular as illustrated in Figure 4.3a. The vortex velocity
vector shown in Figure 4.3b has the magnitude vÁ given by
vÁ =
jÁ
[´2 + (®nseÁ0)2]1=2
; (4.40)
and subtends the angle µÁ, where
tan µÁ = ®nseÁ0=´; (4.41)
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with the j£ Á0 direction. Thus we see that the greater the viscous drag
coefficient ´ and the greater the magnus force coefficient ®ns, the slower
the velocity vÁ of the vortices.
Chapter 5
Doped La2CuO4 and related
Systems
5.1 Doped La2CuO4
La2CuO4 can be considered as a model system for high temperature
superconductors. One advantage of this system is the simple crystal
structure. La2CuO4 can be doped by replacing the La-ions with divalent
Sr or Ba. Upon doping, the physical properties of La2CuO4 are dras-
Figure 5.1: The crystal structure of La2CuO4 from [14].
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tically changed from an antiferromagnetic (AF) insulator (x = 0) to a
superconductor (0.06 · x · 0.25) [23]. Another kind of doping can be
done by replacing La-ions with trivalent Rare Earths, for example Nd or
Eu. This kind of doping induces a structural distortion, the supercon-
ductivity (SC) is suppressed and replaced by a new antiferromagnetic
phase. The most important physical properties for doped La2CuO4 are
now collected. Detailed information can be found in the theses of M.
Braden [24], B. Bu¨chner [25], M. Cramm [26], and M. Hu¨cker [27].
The chemical composition of La2¡xSrxCuO4 can be varied over a wide
enough range to obtain the full spectrum of electronic properties. With
increasing Sr content, the compound evolves from an antiferromagnetic
insulator to a superconductor with a maximum Tc at the opti-
mum composition x ¼ 0.15 and then to a normal metal [28]. Such
behavior, which most other copper-oxides superconductors display over
limited ranges, is thought to reflect an universal property of the CuO2
layers [29, 30, 31, 32]. The common feature is the existence of an opti-
mum chemical composition, i.e., an optimum hole concentration at which
the maximum Tc is achieved, with Tc decreasing in both the underdoped
and the overdoped regions. However, many compounds do not display the
full range of behavior because either the overdoped or the underdoped re-
gions can not be accessed due to chemical instabilities. For example, it is
difficult to overdope YBa2Cu3O6+x [33] or to underdope Tl2Ba2CuO6+x
by significant amounts. Therefore the La2¡xSrxCuO4 remains one of the
most heavily studied systems.
5.1.1 High Temperature Tetragonal (HTT) phase
La2CuO4 is in the body-centered-tetragonal structure (space group
I4/mmm) at high temperature (T ¸ 530K). This phase is called HTT-
phase (HTT =High Temperature Tetragonal). The unit cell of La2CuO4
in the HTT-Phase is represented in Figure 5.1. The lattice constants are
a = b ¼ 3.8 A˚ and c ¼ 13.2 A˚ [24]. This structure can be pictured as
a layered perovskite structure, in which the slab of La2CuO4 is much
like similar slab of the cubic perovskite structure LaCuO3 [34]. This is
not only leads to one more oxygen atom and one more lanthanum atom
per formula unit, but also lowers the symmetry, where the O(1) and
La atoms do not lie at the same hight. The physical properties of this
structure depends mainly on the Cu-atoms, specially in the ab-plane,
which are strongly bonded with each other along the [100]HTT - and the
[010]HTT -direction through O-atoms (Basal-Oxygen, O(2)). The length of
Cu-O(2)-Cu bond is about 3.8 A˚, which is equal to the lattice constant a.
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Figure 5.2: A comparison of (a) Octahedron-rotation in the LTO- and
the LTT-phase. (b) Displacement pattern within the two CuO2 layers of
a unit cell for the LTO and LTT structures. Open (solid) circles represent
oxygen (copper) atoms. The oxygen atoms are displaced out of the plane
(+ or -) by local rotation of square plane CuO4 units about tilt axes
shown by lines. (c) In the LTT structure the tilt axes rotate by 90± from
z = 0 to z = 0.5, where z is the hight along the c axis in lattice units
[35].
Because of the Jahn-Teller-Effect, the octahedron shown in Figure 5.1 is
elongated along the c-direction, so that the O(1) atom lies at a distance
of » 2.4 A˚ which is longer than the length of Cu-O(2) bond in the
CuO2-plane.
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5.1.2 Low Temperature Orthorhombic (LTO)
Phase
When the temperature is lowered below about 530 K, La2CuO4 trans-
formers to a single-face-centered orthorhombic structure (space group
Abma). This phase is called LTO-phase (LTO = Low Temperature
Orthorhombic). In the transition to the LTO-phase, the octahedra ro-
tate around the [110]HTT -direction, and each two O(2) of the CuO6-
octahedron are displaced below or above the CuO2-planes. As a result,
the Cu-O(2)-Cu bonds are ordered in a pattern as shown in Figure 5.2.
5.1.3 Low Temperature Tetragonal (LTT) Phase
La2CuO4 can be doped also with Rare-Earth elements as Nd or Eu, which
partially replace the La-ions. This kind of doping induces an additional
phase transition at low temperature. This phase is called LTT-phase
(LTT = Low Temperature Tetragonal) (space group P42/ncm).
At the phase transition, the CuO6 octahedra rotate around the [100]HTT -
direction or the [010]HTT -direction instead of the [110]HTT -direction.
Only two of the basal-O of the octahedron in the CuO2 are displaced
and the other two basal-O are kept at the same hight. This means
that the pattern, which is obtained in the LTO-phase in the [100]HTT -
direction and the [010]HTT -direction, occurs either in [100]HTT -direction
or [010]HTT -direction (see Figure 5.2). In the LTT structure, the tilt axes
rotate by 90± from z = 0 to z = 0.5, where z is the hight along the c axis
in lattice units.
5.1.4 Electronic Properties of La2¡xSrxCuO4
The basic electronic properties are summarized in the phase diagram
as shown in Figure 5.3. The undoped La2CuO4 is a three dimensional
antiferromagnetic ordering (TN ¼ 325 K [27]) insulator with an energy
gap of ∆ ¼ 2 eV [37]. In (La3+)2Cu2+(O2¡)4, the assignment of a
formal valence is straight forward. To converse the charge neutrality,
the copper atoms must be in a Cu2+ state, which is obtained by losing
a 4s electron (weakly bound to the atom) and also one d electron. This
creates a hole in the d-shell, and thus Cu2+ has a net spin of 1
2
in the
crystal. From a number of experiments as well as electronic structure
calculations, there is considerable evidence for hybridization between
the Cu d states and the O p states.
For a copper atom in spherically symmetric field, the 3d levels
are degenerate. In a crystal field of cubic symmetry Oh, for a proper
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octahedron CuO6, the five 3d levels split into a doublet eg and a triplet
t2g. The value of this splitting is 1-2 eV [38]. Upon the decrease of
symmetry to tetragonal D4h, a further splitting of the 3d levels into
states b1g (d (x
2 - y2)), a1g ((3z
2 - r2)), b2g (d(xy)) and eg (d(xz), d (yz))
occurs. Degenerate atomic 2p oxygen levels p(x), p(y)and p(z) split in
the crystal field of D2h site symmetry into 3 levels (p¼k), (p¼?) and (p¾).
The ¼-type states correspond to the in-plane orbitals p (x) or p (y) (¼k),
or to the out-of-plane states p(z) (¼?), which are directed perpendicular
to the Cu-O bond. The ¾-type states are formed by the in-plane orbitals
p(x) or p(y), which are directed along the Cu-O bond. These oxygen
¾-type orbitals feel the strongest covalent bonding with the copper 3d
(x2 - y2) states, which gives rise to broad bonding (¾) and antibonding
(¾¤) bands of hybridized Cu 3d (x2 - y2) states [39]. The antibonding
pd¾¤ band is half filled.
In this independent-particle model, La2CuO4 should be a metal and
the states at the Fermi level should have Cu 3d(x2 - y2) and O 2px;y
character. The same results are derived from band structure calculations
using local density approximation (LDA) [40], in which correlation and
exchange effects are taken into account in a model of a homogeneous
electron gas. However, the expected metallic behavior contradicts
experiments which demonstrate that stoichiometric compounds La-214
[41] is insulating and exhibits long-range antiferromagnetic order. The
discrepancy is due to an improper treatment of correlation effects in
LDA band structure calculations.
The insulating nature of the ”undoped” or ”parent” compound is a
consequence of the strong Coulomb on-site repulsion of Cu 3d electrons.
The typical values of the Coulomb correlation energy Ud »= 8-10 eV,
which is much more than the typical width of the pd¾ band, W »=2 eV
[38], leads to a splitting of this band into an upper and a lower Hubbard
band. The possibility of the correlation splitting was first noted by Mott
[42] and investigated in the framework of a simple model by Hubbard
[43] and Anderson [44].
In these models it has been assumed that Ud¡∆, where ∆ is the charge
transfer energy. After taking into account the coulomb correlation energy,
the valance band is formed by the lowered Hubbard band (LHB) having
Cu 3d character and the O 2p band, which is adjoining energetically.
Both bands are below the Fermi level EF. The valence band is separated
from an empty conduction band, primarily of Cu 3d type, by a charge-
transfer gap Eg · ∆pd, (∆pd = Ep-Ed). As the Fermi level EF is situated
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Figure 5.3: Phase diagram of La2¡xSrxCuO4.
within the charge-transfer gap, the parent compound forms an insulating
ground state and thus is called charge-transfer insulator. The charge-
transfer insulators are a special category of the transition-metal oxides,
which first was classified by Sawatzky and Zaanen [45] with respect to
the relative size of the coulomb repulsion U, the charge-transfer energy
∆ and the band width of the oxygen states.
Electrical resistivity
As in La2¡xSrxCuO4 shows a strong anisotropy in the transport prop-
erties. The resistivity parallel to CuO2-plane is smaller than that in
c-direction, [46, 41, 47, 48, 49, 50]. This reflects that the physics of this
material is mainly governed by the quasi two-dimensional CuO2-planes.
Based on the different temperature progresses for ½ab and ½c by low
doping, the ratio of the resistivities is considered as a measure of
the anisotropy specially in the Sr-concentration range of the strong
temperature dependence. At low temperature ½c/½ab decreases from »
5000 for x ¼ 0.08 to 100 for x ¼ 0.3; at room temperature one finds
by low Sr-concentration a value of about 700. In comparison with the
other high Tc superconductors, one finds that the anisotropy value of
the resistivity in La2¡xSrxCuO4 is about one order of magnitude bigger
than that in YBCO, however smaller than that in Bi-high temperature
superconductors.
As shown in Figure 5.4, the resistivity shows a pronounced S-
shaped temperature dependence with a big rise between 100 K and
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Figure 5.4: The
temperature depen-
dence of resistivity
for La2¡xSrxCuO4
(a) 0<x ·0.15, (b)
0.1· x<0.35. Dotted
lines, the in-plane
resistivity (½ab) of
single-crystal films
with (001) orien-
tation; solid lines,
the resistivity (½)
of polycrystaline
materials[51].
400 K at x · 0.1. T -linear resistivity can be seen over an extended
temperature range only for a narrow composition range near x =
0.15. This is the composition range where superconductivity with a
substantial Meissner signal and specific heat jump at Tc can be obtained.
5.2 Eu Doped La2¡xSrxCuO4
5.2.1 Electronic Properties in the LTT-Phase
In La2¡xBaxCuO4 at x ' 1/8, a structural phase transition from the low
temperature orthorhombic (LTO) phase to the low temperature tetrag-
onal (LTT) phase occurs as well as in Rare-Earth-doped La2¡xSrxCuO4
[53, 54, 55, 56, 57]. This transition is accompanied by the destruction
of superconductivity and leads to anomalies and drastic changes in the
transport properties [53, 56, 57].
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Figure 5.5: (a) Field-cooled susceptibility (measured at H = 1 Oe) vs
temperature for samples with a Nd content of ' and Sr concentration of
0.1 (pccn), 0.15, and 0.2 (LTT). (b) ac susceptibly [52].
The magnetic susceptibility for samples with a Nd content y '0.3
and varying Sr concentrations shown in Figure 5.5 indicates that the
susceptibility is strongly suppressed for x = 0.15. The small remaining
Meissner fraction visible in Figure 5.5a for x = 0.15 is probably due to
structural inhomogeneity of the LTT phase. The hole concentration is
not the only crucial parameter, but the occurrence of the superconduc-
tivity at a fixed Sr concentration can be tuned via the Nd content as
shown in Figure 5.5b: For x = 0.2 bulk superconductivity is found for Nd
concentrations below y '0.4.
This kind of doping has also a strong impact on the resistivity. At
y = 0.4, a small jump like anomalies of R(T) at TLT followed by a
strong upturn at lower temperature (see Figure 5.6) occurs only in
a limited range of Sr concentration 0.11 < x < 0.175, at which the
bulk superconductivity is suppressed. The resistive superconducting
transitions for these samples are not signal of bulk superconductivity
but are due to the structural inhomogeneity below TLT .
Moreover, the LTT-phase is superconducting with no anomalies in
the transport properties, if the tilt angle of the CuO6 octahedron ÁLTT
in the LTT-phase is smaller than a critical angle Ác. Vice versa, for ÁLTT
> Ác superconductivity is destroyed, and a different electronic ground
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Figure 5.6: Normal-
ized electrical resis-
tivity R(T)/R(280 K)
for Nd-doped LSCO
with y ' 0.3 and var-
ious Sr concentration.
The curves are shifted
along the y axis. The
vertical bars marks
the Sr concentration
for which bulk super-
conductivity is found.
TLT as measured by
x-ray diffraction is in-
dicated by the dashed
line [52].
state, most probably magnetic, is established [52].
5.2.2 Stripe Correlations and Superconductivity
In a single crystal of La1:48Nd0:4Sr0:12CuO4, neutron diffraction allowed
the observation of both magnetic and charge-ordering superstructure re-
flections [2]. The superstructure reflections due to the ordering of holes
are shifted by 2² in h- or k-direction relative to fundamental reflections,
whereas the magnetic peaks are located around the antiferromagnetic
peak position (1
2
,1
2
,0), shifted by ² also in h- or k-direction. In neutron
scattering experiments, the splitting ² has been observed to increase lin-
early with the Sr-content x for x ·1/8 but increase much weaker for x
> 1/8 [59, 60, 61]. Tranquada et al. interpreted these superstructure re-
flections as the signature of charge- and antiferromagnetic stripes within
the CuO2-planes as shown in Figure 5.7.
The tilting of the oxygen octahedra along the [100] and [010]
directions (i.e., parallel to Cu-O bonds) in the LTT phase introduces a
pinning potential for stripes along [100]HTT and [100]HTT , whereas in
the low temperature orthorhombic (LTO) phase it is absent due to the
rotation of the tilting axis into the [110] direction. Consistent with the
idea of pinning by the LTT lattice modulation, static stripe ordering
within the CuO2 planes appears at the transition temperature from the
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LTO to the LTT phase, which is » 68 K in LNSCO . From the positions
of the superlattice peaks and the nominal hole concentration it follows
that stripes of holes are approximately half-filled, and act as antiphase
domain walls with respect to the antiferromagnetically ordered Cu
spins. Thus, a Sr doping level of » 1/8 yields a spacing between stripes
of 4a, where a is the lattice constant. High energy x-ray studies have
been successful in confirming the results for the charge stripe ordering
in an LNSCO, x = 0.12 sample [66]. The idea of pinned stripes in
the low temperature tetragonal (LTT) phase of Nd-doped LSCO or
La2¡xBaxCuO4 [64, 2] provides an explanation for the anomaly observed
at x » 1/8 , where superconductivity is destroyed, or at least strongly
suppressed [62, 52].
It is still an open question as to whether charge stripes are lim-
ited to hole concentrations near 1/8 in Nd-doped LSCO or whether
they influence the physics of cuprate superconductivity in general, but
there is accumulating evidence for the latter. Inelastic neutron scatter-
ing experiments indicate the possibility of moving, fluctuating stripes in
LSCO [67, 68] and even in YBCO [69, 70]. Local charge ordering in
La2¡xSrxCuO4 with x » 1/8 is suggested by a recent nuclear quadruple
resonance (NQR) study [71]. It is interesting to imagine that dynamic
stripe correlations might be necessary for superconductivity [72], whereas
pinning the stripes leads to a strongly reduced critical temperature Tc,
but the experimental evidence for such a scenario is still incomplete.
Other scenario is that stripe order and superconductivity are compet-
ing order parameters. So far the Nd-doped LSCO system offers a unique
opportunity to study pinned stripe patterns in diffraction experiments,
giving information about the nature of charge and spin ordering.
5.2.3 Phase Diagram
The formation of the static stripes has a consequence for the electronic
properties. This is illustrated in Figure 5.8 which shows the phase
diagram of La1:8¡xEu0:20SrxCuO4. Here, the LTO-LTT-transition occurs
at TLT¼ 120K. Comparing the phase diagrams of pure and Eu doped
La2¡xSrxCuO4 yields a striking similarity. The superconducting phase
replaced by antiferromagnetic ordering. In LTO-phase superconductivity
occurs for x > 0.05 and Tc increases with increasing hole content.
In the same range of hole doping, one observes an increase of the
static magnetic ordering temperature TN in the LTT-phase, which
compares well with the Tc found in the LTO phase i.e., T
LTT
N (x) »
TLTOc (x) [36]. Thus, by changing the structure from LTO- to LTT-phase
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it is possible to switch from superconductivity to antiferromagnetic
order with a nearly unchanged critical temperature. For x = 0.15 this
switching at the same critical temperature has also been observed in
Nd doped LSCO [73]. Moreover, the phase diagram shows that the
change from superconductivity to antiferromagnetic does not only occur
due to the LTO to LTT transition, but also within the LTT phase.
For x ¸ 0.20 the magnetic transition is replaced by a superconduc-
tivity transition and the observed Tc corresponds to the extrapolated TN .
The phase diagram suggests that it is necessary to discriminate be-
tween stripes at low doping and stripes for larger doping. It is apparent
that a proximity of antiferromagnetic and superconducting ground states
is not restricted to a single hole doping and this proximity is important
for a discussion of the electronic-magnetic properties of the cuprate in
the entire superconducting region. The influence of both rare earth dop-
ing and hole doping on THT can be attributed to a change of the bound
lengths mismatch between La-O and Cu-O layers. On other hand rare
earth doping has no significant influence on the hole concentration [74].
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Figure 5.7: (a) Diagram of the (hk0) zone in reciprocal space. Large
filled circles, fundamental Bragg peaks; small filled circles, superlattice
peaks of the LTT phase. Open circles and squares, magnetic superlattice
peaks from two different domains of the stripe structure; diamonds and
triangles, charge-order superlattice peaks from the two stripe domains.
Open circles and diamonds (squares and triangles) correspond to the
same domain. (b) Model for the stripe order of holes and spins within a
CuO2 plane at nh = 1/8. Only the Cu sites are represented. An arrow
indicates the presence of a magnetic moment; shading of arrowheads
distinguishes antiphase domains. A filled circle denotes the presence of
one dopant induced hole centered on a Cu site (hole weight is actually
on oxygen neighbors). The charge order indicated within the stripes has
not been observed, but serves as a reminder that the hole per Cu ratio is
1/2. A uniform hole density along the stripes is assumed in the analysis.
(c) Sketch showing relative orientation of stripe patterns in neighboring
planes of the LTT phase [58].
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Figure 5.8: Phase diagram of La1:8¡xEu0:2SrxCuO4. Full and open cir-
cles, denote the magnetic and the structural (LTO!LTT)transition tem-
perature, respectively. The structure transition from the high tempera-
ture tetragonal to the LTO-phase is indicated by the dashed line. The
solid(dotted) line marks the region with strong (weak) diamagnetic sig-
nals due to superconductivity (after Klauss et al. [36]).
Chapter 6
Selected Transport Properties
in doped La2CuO4
6.1 Reduced Charge Dynamics in LTT-
phase
Figure 6.1 shows the temperature dependence of the normalized electrical
resistivity ½ab for polycrystalline Eu-doped La2¡xSrxCuO4 [75]. At high
temperature ½ab decreases with lowering temperature. However, at low
temperature (lower than the transition temperature from LTO to LTT
phase, TLT = 120 K), in contrast to La2¡xSrxCuO4, ½ab shows an upturn
before dropping to zero when superconductivity sets in. The amplitude
of the upturn seems to be Sr concentration dependent. In particular,
it seems to be smaller for x = 0.12 than the other Sr concentrations.
Similar behavior of ½ab has been observed for Nd doped La2¡xSrxCuO4
single crystals as shown in Figure 6.2. In addition to the increase at low
temperature, ½ab for Nd doped La2¡xSrxCuO4 exhibits a jump at the
transition temperature TLT ¼ 74 K. Also in this case, the increase of ½ab
is smaller for x ¼ 0.12 as observed in Eu doped La2¡xSrxCuO4.
6.2 Hall-Effect
Hole-doping dependence
The Hall coefficient measurements are used to study the electronic states
of La2CuO4 which are modified by doping. Figure 6.3 shows the composi-
tion dependence of the Hall coefficient at 80K and 300K [78]. It is obvious
that the positive Hall coefficient decreases almost reciprocally to the Sr
content 1/x (the dotted line in Figure 6.3) in the low composition range.
51
52 Chapter 6: Selected Transport Properties in doped La2CuO4
Figure 6.1: Nor-
malized electrical
resistivity of poly-
crystalline Eu doped
La2¡xSrxCuO4 for
different Sr content.
The inset shows
the resistivity on a
logarithmic scale [75].
Figure 6.2: Tem-
perature depen-
dence of in-plane
resistivity ½ab of
La1:4¡xNd0:6SrxCuO4
(x = 0.10, 0.12, 0.13,
and 0.15). (Inset) ½ab
plotted on a loga-
rithmic T scale. TLT
values of the samples
are marked with a
dashed line [76].
This behavior has been explained on the basis of the Mott-Hubbart pic-
ture in which a Sr doping provides one mobile hole in the lower-filled
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Figure 6.3: Sr con-
centration x depen-
dence of the Hall
coefficient RH at 8
K (circles) and 300
K(triangles) [78].
Figure 6.4: Temper-
ature dependence of
the Hall coefficient
for La2¡xSrxCuO4
with various Sr
content [78].
band. With further doping x > 0.050, the Hall coefficient decreases more
rapidly than expected from the above picture. Tagaki et al. [78], sug-
gested that the rapid decrease should be sought to the modification of the
electronic states. It is found that for a heavy doping the Hall coefficient
changes its sign from positive to negative at the composition near the
superconductor to normal metal transition. Hence the result implies that
the rigid Mott-Hubbard picture is no longer valid when the doping level
increases and the material becomes a good superconductor. The doping
dependence of RH can be interpreted in terms of the transition from
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Figure 6.5: The temperature dependence of the Hall coefficient RH for
La2¡x¡yNdySrxCuO4 (y = 0.6 and x = 0.12) (closed circles) and (y =
0 and x = 0.12) (open circles) measured in magnetic field of » 5 Tesla
parallel to the c axis and the current along the a-b plane. The arrow
indicates TLT [76].
Figure 6.6: The Temperature dependence of ¾xy and ¾xy (multiplied by
200 in this plot) for La1:4¡xNd0:6SrxCuO4 (x = 0.12) [76].
a strong correlated electron-gas by small Sr-concentrations to a normal
Fermi-liquid by high Sr-concentrations. In any case the charge density can
be quantitatively estimated from RH only for small Sr-concentrations.
Temperature dependence
One further remark on the Hall coefficient of La2¡xSrxCuO4, as in all
cuprates, is the temperature dependence as shown in Figure 6.4 [78]. In
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the antiferromagnetic phase the Hall coefficient exhibits strongly semi-
conducting temperature dependence with the activation energy of 10
meV. In the intermediate region (for example, x = 0.036 and 0.05), it
is temperature independent. In contrast to that, however, the Hall co-
efficient again shows a negative temperature dependence (dRH/dT < 0)
at higher doping levels, in spite of the metallic resistivity in these com-
pounds. For example at x = 0.15, the Hall coefficient increases by a factor
of 2 on decreasing temperature from 300 K to 50 K. This shows unam-
biguously that these materials can not be treated as simple metals. The
origin of this unusual behavior is, however, not yet understood.
Temperature dependence in the LTT-phase
In La1:4¡xNd0:6SrxCuO4 (x=0.12) [76], with lowering temperature RH
shown in Figure 6.5 exhibits a gradually increase at high temperatures
which is almost as that for Nd free La2¡xSrxCuO4. In contrast, in the
LTT phase RH shows a rapid decrease at TLT , approaching zero at low
temperatures. Such a radical decrease of RH was reported also for Nd
doped La2¡xSrxCuO4 with Nd = 0.4 and Sr = 0.12 [50]. From the T-
dependence of RH , Noda et al. [76] calculated the longitudinal and
transverse conductivities ¾xx and ¾xy as shown in Figure 6.6. From the
strong decrease of ¾xy at T ! 0, with ¾xx remaining almost constant,
Noda et al argue that the transport is 1D within stripes [76].
6.3 Thermopower
The ab-plane thermopower S of hole-doped high-Tc superconductors
exhibits a simple but unusual dependence of temperature and doping
level [80, 81, 82]. At high temperatures, S varies linearly in temperature
T with a negative slope. The negative slope depends weakly on the dop-
ing. The temperature and doping level dependence of S is so systematic
and universal that it can be used as a measure of the hole concentration
in the CuO2 planes for any hole doped high Tc superconductors. This
simplicity and universality in S seems to indicate that the electronic
structure is common to all kinds of high Tc superconductors.
Figure 6.7 shows the ab-plane component, Sab, and the c component,
Sc. Sab exhibits a broad maximum and then slowly decreases with in-
crease of temperature for every x, Sab is positive in the superconducting
compounds and rapidly decrease in magnitude as x increases [77].
For an overdoped compound (x = 0.30) the sign becomes negative
above 250 K in agreement with the result of the Hall effect [83]. In
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Figure 6.7: Temper-
ature dependence of
in-plane (Sab) and
out of-plane (Sc)
thermopower [77].
Figure 6.8: Tem-
perature depen-
dence of the Sab for
La1:84¡xGd0:01Eu0:15SrxCuO4
(x = 0.08, 0.12, 0.15,
and 0.17). The doted
line indicates TLT
[75].
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Figure 6.9:
Nernst signal
ey=Ey/—rT—
versus field B up
to 14 Tesla for
La2¡xSrxCuO4 (x =
1/8). Data repro-
duced from Wang et
al. [12].
case of the c component, Sc is always positive and decreases with
increasing x as in Sab. However, the temperature dependence of Sc is
quite different. Sc increases with temperature like what expected for
ordinary metallic-diffusion thermopower.
Figure 6.8 [75] shows the temperature dependence of Sab for polycrys-
talline La1:84¡xGd0:01Eu0:15SrxCuO4 x = 0.08, 0.12, 0.15, and 0.17. At
high temperature (T > TLT ) for all samples, Sab is comparable to that of
undoped La2¡xSrxCuO4. As a consequence of the structural phase tran-
sition, both the temperature and the Sr concentration dependencies of
Sab change drastically. In LTT phase, Sab exhibits a rapid decrease and
even change its sign in the LTT phase of x = 0.12 and x = 0.15.
6.4 Nernst Effect
The Nernst coefficient in hole doped high-Tc superconductors takes a
much enhanced value, compared to the conventional metals. Especially,
the Nernst coefficient increases drastically at temperatures above Tc.
For the conventional superconductivity, the search for vortices high
above the critical temperature Tc seems quite unrewarding. Above Tc,
the average value of the condensate density ns is zero. Since fluctuation
effects produce small evanescent droplets of superconductivity detectable
by susceptibility and resistivity, the existence of a Nernst signal in the
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Figure 6.10: The x
dependence of Tº
and the contours
of the vortex-like
Nernst signal in
La2¡xSrxCuO4 [12].
fluctuation regime above Tc is not expected. Indeed, vortex Nernst
signals in the fluctuation regime do not seem to have been reported for
any low-Tc superconductor. In the first Ettinghausen [84] experiment
on a cuprate YBa2Cu3O7, however, Palstra et al. [85] noted that the
signal extended »10 K above Tc. Later Nernst experiment on cuprate
(restricted to optimally doped samples) found that the vortex signal
extends above Tc by roughly the same interval [87, 88, 89], so that these
observations did not provoke much theoretical comment.
In the temperature dependence of Nernst effect measurements
on La2¡xSrxCuO4, Xu et al. [4] observed that the Nernst signal remains
anomalously enhanced 50 - 100 K above Tc to a maximum value of º
= 2¹V/KT. Moreover, the field dependence of Nernst signal (x = 1/8)
remains large as T rises to a temperature (60 K) higher than Tc. A
negative curvature is present even at temperature (40 K) higher than Tc
(see Figure 6.9).
Comparison between the Tc and the onset temperature Tonset, at
which the Nernst signal diverges and enhances, is shown in Figure 6.10
as a function of Sr concentrations. This demonstrates that the Nernst
signal extends to very high temperatures far from Tc, especially, around
x = 1/8. This behavior of the Nernst signal is strange since the onset of
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the Meissner response is relatively sharp and the resistivity profile also
implies that conventional amplitude fluctuations occur in fairly narrow
interval. Ong’s group interpreted the enhancement of the Nernst coeffi-
cient as a vortex-like excitations that rises the Nernst signal at T > Tc
[12]. Alternatively to the vortex-like fluctuation, it has been suggested
that the superconducting fluctuations causes the unusual Nernst signal.
Chapter 7
Experimental Results and
Discussion
7.1 Resistivity
7.1.1 Experimental Results
Figure 7.1(a) shows the temperature dependence of the electrical
resistivity parallel to the CuO2 plane, ½ab, for La1:8¡xEu0:20SrxCuO4 0.08
· x · 0.20. At high temperatures, in the LTO-phase, the resistivity
behaves as in the Eu-free La2¡xSrxCuO4 (see section 5.1.4) where the
resistivity systematically decreases by increasing hole concentration.
Moreover, the temperature dependence of the resistivity shows a
metallic behavior. However, at low temperature the resistivity exhibits
a semiconducting-like behavior in the LTT-phase with a pronounced
peak which is not observed in the LTO-phase in La2¡xSrxCuO4 at low
temperature. This upturn of the resistivity at low temperature sets in at
T · TLT (TLT is the transition temperature of LTT-phase).
In order to clarify the doping dependence of the upturn, the data
were fitted linearly in the high temperature range. This fit and its
linear extrapolation (see inset Figure 7.1) towards low temperature were
subtracted from the data. The linear fitting of the resistivity has been
done for 300K-150K.
Figure 7.1(b) displays the difference of the measured and the linear
extrapolated resistivities as a function of temperature for the same sam-
ples. Apparently, the amplitude of the upturn for the resistivity depends
on the Sr-concentration, where with increasing the Sr-concentration
from x = 0.08 to 0.12, the amplitude of this upturn decreases and then
increases again for x = 0.15. This is consistent with previous results
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Figure 7.1: (a) The temperature dependence of ½ab for
La1:8¡xEu0:20SrxCuO4 (x = 0.08, 0.12, 0.15, and 0.20). Inset: the
resistive superconducting transition is not sharp, indicating that the
superconductivity in this sample is not bulk. (b) The difference between
the measured and the linear extrapolated resistivities as a function of
temperature for the same samples. Inset: Representative example for
the linear fit to the data and its extrapolation.
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[75], where a minimum upturn was found for x = 0.12. Moreover, the
semiconducting-like behavior is strongly suppressed for x = 0.20.
Compared to Eu-free La2¡xSrxCuO4 in the same Sr-concentration
range, it is found that the superconducting transition temperature Tc
of the Eu-doped La2¡xSrxCuO4 is strongly reduced. This reduction
of Tc depends clearly on the Sr-concentrations. The transition to
superconducting state of ½ab seen by x = 0.15 is not sharp (see the inset
in Figure 7.1) indicating that the superconductivity is not bulk, even at
x = 0.15.
To test for bulk superconductivity, the temperature dependence
of the ½ab in external magnetic field perpendicular to the CuO2 plane
has been measured for x = 0.12 and 0.20. The obtained data for x
= 0.12 shown in Figure 7.2 exhibits that the superconductivity is
suppressed by a magnetic field of about 8 Tesla, indicating that the
superconducting order parameter is strongly reduced with respect to
La2¡xSrxCuO4. In contrast, for x = 0.20, with increasing of the magnetic
field, the resistive transition temperature (around which ½ab goes down
to zero) is only reduced as is usually observed in the mixed phase
of type II superconductors (see Figure 7.3). This indicates that the
superconductivity is bulk in this sample. Moreover, the Meissner signals
in Figure 7.4 for La2¡x¡yEuySrxCuO4, y = 0.17 and x = 0.19 and 0.22
also indicate that the bulk superconductivity develops in this range of
Sr concentration, whereas for x < 0.13 the Meissner signals are not
visible at all. This clearly demonstrates that bulk superconductivity is
suppressed completely for x · 0.12 and develops only for x > 0.12.
7.1.2 Discussion
A similar behavior of ½ab is observed for Nd doped La2¡xSrxCuO4
single crystals and polycrystals [75, 79, 91] (see section 6.1). There,
½ab(T ) shows the same temperature dependence as that of La2¡xSrxCuO4
at T > TLT indicating that the charge dynamics in Nd or Eu doped
La2¡xSrxCuO4 is essentially identical to the that of Nd or Eu free
La2¡xSrxCuO4. At T < TLT , the increase of ½ab with lowering tem-
perature, specially for x = 0.15, discriminates the charge transport
of the spin-charge-order phase from the high temperature region [79].
The semiconducting like upturn is observed for all studied samples in
LTT phase for Nd and Eu doped La2¡xSrxCuO4 [75], and obviously
the differences of the resistivities of LTO and LTT phases follow a
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Figure 7.2: The temperature dependence of ½ab, in perpendicular mag-
netic field to CuO2 plane up to 8 Tesla for La1:8¡xEu0:20SrxCuO4 (x =
0.12).
non monotonous function of the Sr content. Moreover, the upturn is
minimum for x = 0.12 in both series of samples.
Apparently, as signalled by the upturns in ½ab, the charge carriers
become less mobile in the LTT phase. Comparison of the available data
suggests that it is not the LTT phase itself that causes the localization,
since no clear anomaly at TLT is observed in the Eu doped material
while a clear anomaly is visible in Nd doped compounds (lower TLT ).
Hence, the upturn can more consistently be related to the development
of the stripe phase for T < TLT . Moreover one can speculate that the
minimum increase of the resistivity in LTT phase is due to the periodic
arrangement of the stripes at x ' 1/8 which may lead to a charge order
and, consequently, a minimum scattering.
The temperature at which the upturn of the resistivity becomes sig-
nificant varies with x and so does the rate of upturn. Ichikawa et al. [91]
found that all of the resistivity data for the Nd doped La2¡xSrxCuO4 (Nd
= 0.4 and Sr = 0.08, 0.10, 0.12, 0.15, 0.20) can be scaled approximately
onto a single curve if ½ab is divided by ®T and then plotted against a
reduced temperature t = (T - T 0)/T u, where T u is the characteristic up-
turn temperature and T 0 is the temperature towards which ½ab appears
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Figure 7.3: The temperature dependence of ½ab in magnetic field per-
pendicular to CuO2 plane up to 8 Tesla for La1:8¡xEu0:20SrxCuO4 (x =
0.20).
Figure 7.4: The tem-
perature dependence
of susceptibility for a
La2¡x¡yEuySrxCuO4
(y=0.17 and 0.08·
x · 0.22). For x =
0.19 and 0.22 samples
a fully developed
Meissner signal is
observed, whereas
for the compositions
with x < 0.13 it is
not visible at all [86].
to be diverging. In this analysis values of ® can be obtained by the fit-
ting Equation ½(T ) = ® T + ¯, with ¯ ´ 0, to data in the temperature
range 250 < T < 300K. This analysis could not be applied to Eu doped
La2¡xSrxCuO4 data, since ¯ is not close to zero. Hence, Ichikawa’s results
does not represent a general behavior of the stripe ordering materials.
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Figure 7.5: The Hall coefficient RH is plotted as a function of temperature
for La1:8¡xEu0:20SrxCu4 (0.08 · x · 0.20) in magnetic field (8 Tesla)
parallel to the c direction and the current along the ab-plane.
7.2 Hall Effect
7.2.1 Experimental Results
Figure 7.5 shows the Hall coefficient, RH , as a function of temperature
for La1:8¡xEu0:20SrxCuO4 of x = 0.08, 0.12, 0.15 and 0.20. At high
temperature in the LTO phase, RH depends strongly on the temperature
for all samples except for x = 0.20, which shows a weak temperature
dependence. Noticeably, the absolute values of RH for all samples are
comparable to La2¡xSrxCuO4 [16] and decreases systematically with
increasing x. This behavior of RH in LTO-phase is consistent with the
general trend for all high Tc cuprates.
RH decreases with lowering temperature at T < TLT for x = 0.08.
In contrast, for x = 0.12 no anomaly is visible at TLT ; instead, with
lowering T , RH changes from slightly increasing to strangely decreasing
at T » 85K. Moreover, RH extrapolates to RH ¼ 0 at T ! 0. This
decrease of the RH is not related to superconductivity because it takes
place well above resistive Tc and the values are independent of magnetic
fields.
RH for x = 0.15 does not show such a remarkable change below TLT
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Figure 7.6: The Temperature dependence of ¾xx and ¾xy(multiplied by
200 in this plot) for La1:8¡xEu0:20SrxCuO4 (x = 0.08, 0.12, 0.15, and
0.20).
and continues to increase across TLT just down to ¼ 50 K. Eventually,
RH goes down close to the onset of superconductivity. RH of x = 0.20
is almost temperature independent until the superconductivity sets on.
Apparently, there is a strong decrease of RH for x · 1/8 well above Tc.
7.2.2 Discussion
Such a radical decrease of RH was reported earlier for Nd doped
La2¡xSrxCuO4 with Nd = 0.6 and Sr = 0.12 [50] (see section 6.2)
and for polycrystal of La1:875Ba0:125CuO4 [92]. Thus, this behavior is
characteristic of the spin-charge-ordering phase for x ·1/8.
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Figure 7.7: The temperature and Sr-concentration dependence of the in-
plane thermopower Sab for La1:8¡xEu0:20SrxCuO4 (0.08 · x · 0.20). The
anomaly of the thermopower in the LTT-phase is maximum in x = 0.12
sample.
In order to verify the result from Noda et al., who concluded
1D-transport within a charge stripe from their data (see section 6.2),
the temperature dependencies of the ¾xy and ¾xx for the complete set
of La1:8¡xEu0:20SrxCuO4 with x = 0.08, 0.12, 0.15, and 0.20 have been
calculated using the Hall coefficient and resistivity results, as shown in
Figure 7.6. The behavior of ¾xy and ¾xx as a function of temperature are
nearly equivalent in LTT-phase (T < 120K) for all studied samples, and
there is no strong anisotropy in the T dependence of ¾xy and ¾xx which
contradicts Noda’s observation. Hence, the conclusion of 1D-transport
in the stripe phase can not be drawn from our data. In particular,
1D-transport does not provide an explanation for RH ! 0 at T ! 0.
However, recent theoretical calculations by Prelovsˇek et al. [93]
confirm that the stripe structures with filling nl =
1
2
indeed have
RH » 0, and such a result should be directly relevant to the commensu-
rate case, e.g., x = 1/8 with inter-stripe distance do = 4. Going beyond
x > 1/8 the stripes filling deviates from nl =
1
2
, since the stripe distance
does not vary any more as 1/x. Since no stripes are present for x = 0.2
the T -independent of RH can be straightforwardly understood.
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Figure 7.9: The thermopower Sab as a function temperature in different
magnetic field for x = 1/8.
Moreover, the 1D transport can hardly apply. RH can be
expressed in terms of planar conductivities ¾®¯ in inite
magnetic field as RH = ¾xy/[B¾xx¾yy]. Assuming a very anisotropic
system with stripes, e.g., along the x-direction and large ¾xx, it is plausible
that ¾xy scales with the weak hopping between stripes. However, ¾yy is
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expected usually to scale in the same way leaving the ratio RH finite.
The evidence of the latter behavior can be found in the experiments on
very anisotropic quasi-1D metals that reveal nevertheless quite normal
metallic values of RH [93]. Another simple interpretation for the vanishing
RH is that in stripe structure, with hole filling nl =
1
2
we are dealing along
the stripe with an equal concentration of holes and electrons leading to
a cancellation of ¾xy while both diagonal ¾®® remains finite [93]. In such
situation RH would go zero when the stripe phase stabilizes.
7.3 Thermopower
7.3.1 Experimental Results
Figure 7.7 shows the temperature- and Sr-concentration dependence of
the thermopower in ab-plane, Sab, for La1:8¡xEu0:20SrxCuO4, 0.08· x ·
0.20. The absolute value of Sab increases systematically with
decreasing Sr-concentration. For high doping range (x ¸ 0.15) one
can observe a metallic behavior in the sense of that a linear diffusion
thermopower component with negative slope is observed. Since the sign
of the charge carriers is positive, the negative slope means that the
energy dependence of the conductivity is a decreasing function of energy.
As hole-doping decreases, the slope becomes smaller.
At high temperature, in the LTO-phase, the data are similar to
those found for pure La2¡xSrxCuO4 (see section 6.3). However, at low
temperature in the LTT-phase, the behavior of Sab versus temperature
is totally different from that found for La2¡xSrxCuO4 (in LTO phase) at
low temperature. Thus, in the LTO-phase Eu doping does not change
the concentrations and the scattering of the charge carriers. On the other
hand, for all x there is no strong anomaly at TLT , but for temperatures
lower than TLT Sab decreases faster than observed in La2¡xSrxCuO4 at
the same temperature range. In particular for x = 0.12 the decrease of
Sab is strongest and Sab changes its sign.
The thermopower results leads us to distinguish clearly the non-
superconducting LTT phase from the underdoped non-superconducting
LTO phase of La2¡xSrxCuO4. The absolute values of Sab in the
non-superconducting LTT phase remain small, comparable to those in
metallic La2¡xSrxCuO4. Moreover, the negative sign of Sab around x »
1/8 and its strange Sr concentration dependence indicates that the band
structure in the LTT phase differs strongly from that in superconducting
LTO phase.
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7.3.2 Discussion
In Figure 7.8, Sab at 18.5K as a function of Sr concentration shows a sharp
minimum of S(x) with sign change close to x = 1/8. These reflects very
well the particular role of the hole content x = 1/8 in this sample system.
This sign changes of S as a function of both temperature and hole content
are consistent with previous results on polycrystals [75] (see section 6.3).
Such a strange Sr concentration dependence of Sab in LTT-phase has
been discussed previously in terms of a splitting of Van Hove singularity
using the Mott formula based on stripe picture [94]. However, as already
mentioned previously [94], in this scenario it is impossible to interpret
the temperature dependence of Sab in the LTT-phase [75]. On the other
hand, one has to discriminate between the Sr concentration ranges
x ·1/8 and x > 1/8. According to the interpretation of the neutron
scattering data at low doping, the distance between the stripes first
decreases linearly with 1/x [2, 95] and then becomes nearly independent
of the hole concentration for x > 1/8, which suggested that the hole
concentration in the stripes changes for x > 1/8.
Based on the stripe picture, M. Hcker et al. [75] gave a rough
qualitative description of S by assuming that S = (Safm ¾afm +
Sch¾ch) / (¾afm + ¾ch) where the indices afm and ch denote the
antiferromagnetic and charge stripes, respectively. The conductivity
¾afm of the antiferromagnetic stripe is small at low temperature.
Furthermore, Safm is positive and very large. Due to the large charge
carrier concentration it is reasonable to assume a much smaller (or
even negative) thermopower for the charge stripe, i.e. Sch ¿ Safm (and
¾ch À ¾afm). As the change of the hole content only increases the
number of charge stripes, i.e. decreasing their distance, this simple two
band model predicts that with increasing x S should strongly decrease.
This lies in qualitative agreement with the finding for x < 1/8. In
addition, the explanation of the sign change requires the assumption of
a negative Sch. In contrast, for x > 1/8 the hole content of the charge
or the antiferromagnetic stripes (or both) changes. In addition, since
the doping mechanism is not known, this is not possible to predict
S(x) for x > 1/8. However, it is apparent that the stripe scenario
account for the Sr dependence of the thermopower at x = 1/8. This is
again in qualitative agreement with the pronounced anomaly of S(x) [75].
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To investigate the anomaly in the particular hole content x = 1/8 sam-
ple, the temperature dependence of the thermopower, in the temperature
range of 5-50K and in different perpendicular magnetic field to ab-plane,
has been studied. The result is presented in Figure 7.9. It is found that
the negative peak of the thermopower increases with increasing the mag-
netic field. The magnetic field dependence of the negative peak in Sab
for x = 1/8 can be understood as the following: On one hand, in the su-
perconducting phase, the thermopower goes down to zero because there
are no normal carriers to carry entropy. On the other hand, it is believed
that this anomaly (the negative peak) in x = 0.12 sample is related to
the stripe phase. At the same time, it is known from the resistivity mea-
surements that a minor part of this sample still has a superconducting
fraction for T < 12 K. In this fraction the thermopower is zero. However,
the stripe phase seems to have a negative thermopower. By applying a
magnetic field the residual superconductivity is easily suppressed (super-
conductivity not bulk). Hence, with increasing magnetic field the effect
of the superconductivity disappears. As a result, the magnitude of the
negative peak increases.
7.4 Nernst Effect
7.4.1 Experimental Results
In the non-superconducting LTT-Phase
x = 1=8
Figure 7.10 shows the magnetic field dependence of the Nernst
signal, ey = Ey/rT , for the x = 1/8, in a magnetic field up to 14
Tesla at temperature of 10-90 K. At T = 10 K and 14 K, the magnetic
field dependence of the Nernst signal shows a clear negative curvature
up to 14 Tesla. For T ¸ 15 K the magnetic field dependence of the
Nernst signal develops a slight positive curvature at low magnetic
field (up to 4 Tesla), then increases linearly with further magnetic
field up to 14 Tesla even at very high temperature of ¼ 90 K.
The Nernst signal is detectable up to very high T ' 90 K. Instabilities
in the Nernst signal observed at very low magnetic field are reproducible.
x = 0:15
The field dependence of the Nernst signal ey = Ey/rT shown in
Figure 7.11 exhibits a much more pronounced curvature at very low
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temperature (6.8 K) for x = 0.15. At this temperature, with further
increasing magnetic field the Nernst signal peaks with very weak field
dependence and then starts to go down very slowly around 10 Tesla. In
addition, for T = 6.8 K, the Nernst signal shows instabilities at low field
stronger than that seen in the x = 1/8 sample. Instabilities are observed
also for T = 9.6, 14.4, 19.6, 29.5, and 39.5 K and not presented at higher
temperatures.
Similar to x = 1/8, a positive curvature is found at low fields (B ·
4 Tesla) at temperatures higher than ¼ 15 K. For x = 0.15, however, it
appears to be more pronounced. Again Ey(B)/rT is linear for T ¸ 20
K and fields B ¸ 4 Tesla.
In the superconducting LTT-Phase
x = 0:20
Figure 7.12 shows the magnetic field dependence of the Nernst signal
for x = 0.20 sample in temperature range 7.8 K - 39 K. For T = 7.8
K, the Nernst signal is zero until a magnetic field of 3.5 Tesla reached.
With further increasing magnetic field, the Nernst signal increases very
fast. A 5 Tesla produces a maximum followed by a minimum at 6.5
Tesla. Finally the Nernst signal increases again and develops a broad
peak around 12 Tesla.
The downturn observed in the Nernst signal at T· Tc for x
= 0.20 seems to be temperature and magnetic field dependent. With
increasing the temperature (7.8 K - 14.2 K), it arises gradually at lower
magnetic field and becomes more pronounced. With further increasing
temperature, this downturn becomes systematically more pronounced
and finally makes the Nernst signal around the downturn becomes
negative at 16.9 K - 21.5 K, i.e., at T < Tc. Starting from T = 24.5
K, which is higher than Tc, the downturn in the Nernst signal disappears.
7.4.2 Discussion
The resistive Tc of the x = 0.12 is around 12 K. However the supercon-
ductivity in this composition is not bulk as mentioned previously (see
section 7.1). The LTT-phase extends to the temperature range of T ·
120 K. At very low temperature, some parts of the sample still have a
superconducting fraction, so that the Nernst signal develops a negative
curvature for T = 10 K and 15 K as usually occurs in the superconduct-
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Figure 7.10: Nernst signal ey=Ey/rT versus field B up to 14 Tesla for
La1:8¡xEu0:2SrxCuO4 (x = 1/8).
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Figure 7.12: Nernst signal ey=Ey/rT versus field B up to 14 Tesla for
La1:8¡xEu0:2SrxCuO4 (x = 0.20).
ing compound. The extension of the Nernst signal in the normal state
to temperature range (T > 80 K), far from Tc, is surprising and con-
sistent with the previous results from Wang et al [96]. on La2¡xSrxCuO4.
The linearity of the Nernst signal as a function of magnetic field is
the signature of the normal state. However, the positive curvature in
the Nernst signal for x = 0.12 and 0.15 at low fields is rather unusual
because in the normal state one expects Ey/rTx / B even for small
fields.
In comparison with Eu free La2¡xSrxCuO4, it is obvious that the
full scale of the Nernst signal of Eu-doped La2¡xSrxCuO4 x = 0.12 (x
= 0.15) is suppressed by about 10 times (6 times). This can also clearly
be observed in the temperature dependence of the Nernst signal shown in
Figure 7.13, where with lowering temperature a strong enhancement of
the Nernst signal for the superconducting sample y = 0 and x = 1/8 (y =
0 and x = 0.15) sets in at T ' 50 K and rises to a very high value around
0.8 ¹V/KT at T ¼ 20 K. However, the Nernst signal for the Eu-doped
sample x = 1/8 (x = 0.15) stays relatively low around 0.1 ¹V/KT.
The low field fluctuations in the Nernst signal, which seems to become
very strong for x = 0.20, may be related to the residual superconductivity
in the samples, since both superconductivity and the fluctuations seen at
low fields appear to become stronger as x increases. One might speculate
that the fluctuations are related to unusual vortex dynamics. The precise
origin of these fluctuations remains, however, unclear.
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Figure 7.13: The tem-
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of º = Ey=BrT for
La2¡x¡yEuySrxCuO4,in
8 Tesla. Upper panel
x=0.12 with y = 0
extracted from [12] at
8 Tesla, and y = 0.20.
Lower panel x = 0.15
with y = 0, and 0.20.
For x = 0.20, comparing to the Eu free La2¡xSrxCuO4 shown in
Figure 7.15 [96], it is obvious that the scale of the Nernst signal in
both compounds are nearly in the same range (' 2.5¹V/K). However,
the melting field Hm, at which the Nernst signal sets in for T < Tc,
is much smaller in Eu doped than that in Eu free La2¡xSrxCuO4. For
example, for La2¡xSrxCuO4 x = 0.20 at T = 8 K, the Nernst signal is
nearly zero up to magnetic field higher than 14 Tesla, but in the case of
La1:8¡xEu0:20SrxCuO4 x = 0.20, the Nernst signal is zero up to only 3
Tesla. The decreasing of the absolute values of Hm seems to be related to
the easy suppression of the superconductivity in La1:8¡xEu0:20SrxCuO4
at x = 0.20. Moreover the downturn observed in this sample can not
be interpreted in terms of the pinning, since the downturn becomes
negative, instead of zero in case of pinning force, for temperatures near
to the resistive Tc. It may be related to a superconductivity, since it
disappears at T¿Tc.
Comparing with the available data in the literature, a slight extension
of the Nernst signal to temperature well above Tc was also observed in
high Tc YBa2Cu3O7¡± and Bi2Sr2CaCu2O8+x thin films [88] which was
interpreted as a conventional superconducting fluctuations. However, the
extension of the Nernst signal observed here and also in La2¡xSrxCuO4
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Figure 7.14: Nernst signal ey = Ey/rT versus field B up to 14 Tesla for
La2¡xSrxCuO4 (x = 0.15).
Figure 7.15: Nernst signal ey = Ey/rT versus field B up to 14 Tesla for
the superconducting La2¡xSrxCuO4 (x = 0.20). Data reproduced from
Wang et al., [96].
[12] seen to be relevant at higher T that are beyond the fluctuation region.
However, the T -dependencies shown in Figure 6.13 suggest that instead of
the total Nernst signal just the difference between the Nernst coefficients
of Eu free- and Eu doped- La2¡xSrxCuO4 follow a conventional super-
conducting fluctuation behavior. Further experimental investigation are
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necessary to clarify whether this interpretation or rather one of the sce-
narios suggested by Xu. et al. (vortex excitation) and by Kantani et al.
(AF+SC fluctuation) hold in these compounds.
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7.5 Conclusion
In this thesis, the results of the transport properties, resistivity ½ab, Hall
coefficient RH and thermopower Sab for Rare Earth doped La2¡xSrxCuO4
clearly confirm that the composition x = 1/8 plays a particular role. The
upturn in the temperature dependence of resistivity, which is observed
in all studied x, is clearly minimum. Moreover, the thermopower changes
sign at low temperature and the Hall coefficient goes linearly to zero as
T ! 0.
In the stripe picture, the behavior of the transport properties ½, RH
and S for x = 1/8 could be related to finding that the distance between
the stripes as measured via the incommensurate splitting parameter ²,
in the neutron scattering for low x, decreases linearly with x, i.e. ² / 1/x
[2, 95] and then becomes nearly independent of x for x ¸1/8 indicating
that the hole concentration in the stripes changes for x ¸ 1/8. The most
stable configuration for stripes at x = 1/8 implies the best periodicity,
which could minimize the upturn in the resistivity in comparison with
other compounds with apparently more disorder. The Hall effect data,
however, do not confirm 1D-transport within stripes. Nevertheless, in a
simple picture the Hall data can straightforwardly be understood
if a hole filling of nl = 1/2 for x · 1/8 end and nl 6= 1/2 is present
for x > 1/8. Similarly the changing hole filling of the stripes allows a
simple explanation (2 band model) of the thermopower.
The measurements of the Nernst effect leads to the interesting conclu-
sion that the interpretation of the large Nernst signal at high temperature
in terms of vortex fluctuations is highly ambiguous. Though the suppres-
sion of Nernst coefficient for Eu doped La2¡xSrxCuO4 seems to be related
to the suppression of the superconductivity, the Nernst signal does not
disappear. There are two suggested scenarios to interpret this observa-
tions of the Nernst signal: Either (1) the large º at high temperature is
not related to vortex- or (AF+SC)- fluctuations, or (2) the stripe phase
suppresses superconductivity but has practically no influence on vortex
fluctuations.
Chapter 8
Summary
This thesis describes the experimental investigation of several trans-
port properties of the static stripe ordering cuprate La1:8¡xEu0:2SrxCuO4
(0.08· x ·0.2). In comparison to the pure material La2¡xSrxCuO4, which
is a superconductor and where no static stripes are present, a strong im-
pact of the stripe ordering on these transport properties is found. In
particular the following observations are made:
² The electrical reistivity ½ shows that the superconductivity is
strongly reduced in this material. A transition towards zero resis-
tivity is observed in all compounds, but at much lower temperature
than in the parent compound La2¡xSrxCuO4. The transitions are
not sharp but occur in steps, which indicates that this superconduc-
tivity is not bulk. In the low temperature tetragonal phase (LTT) ½
shows an upturn as the temperature is lowered which is minimum
at x ¼ 1=8. While the upturn itself indicates a reduced charge mo-
bility, the minimum upturn at x ¼ 1=8 might be related to the fact
that the stripe phase is most stable at this Sr-concentration, which
implies a lower degree of disorder with respect to other doping lev-
els.
² For x · 1=8 the Hall-”constant” RH is strongly affected in the
LTT phase. With lowering the temperature RH is suppressed and
approaches RH ¼ 0 for T ! 0 at x = 1=8. This vanishing Hall-
constant has been discussed in relation to the hole concentration of
half a hole per Cu within a charge stripe. From the Hall-effect and
the resistivity measurements the temperature-dependencies of the
diagonal and off-diagonal components of the electrical conductivity
¾xx and ¾xy have been determined. Apart from a strong difference
in the order of magnitude there is no strong anisotropy in the tem-
perature dependence. This is contradicting previous results from
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Noda et al., who found such an anistropy and concluded from this
one-dimensional transport in the charge stripes.
² In comparison with La2¡xSrxCuO4 the thermopower is clearly re-
duced in the LTT phase. A sign change occurs at x ¼ 1=8 which has
been discussed in terms of a two-band model involving the distance
between stripes.
² Differing from the aforementioned observations, the Nernst-signal
is not suppressed far away from the critical temperature of su-
perconductivity Tc in La2¡xSrxCuO4. Instead, in that region the
Nernst-signals of the pure and the Eu-doped materials are very
similar. However, there is a strong suppression of the Nernst-signal
below and a relatively small intervall above Tc. This difference can
clearly be attributed to an enhanced Nernst-signal due to vortex
motion in La2¡xSrxCuO4 and the absence of such vortices in the
non superconducting, Eu-doped material. The origin of the still un-
usual high Nernst-signal far above Tc observed in both compounds
remains, however, unclear.
In conclusion, the transport phenomena under investigation in this
work can in great parts qualitatively understood if the presence of the
stripe phase is considered. However, there still remain open questions in
some cases, where the case of the Nernst-effect should be emphasized.
There, future work should comprise detailed studies of the supercon-
ducting fluctuation regime of the Nernst-effect in both superconducting
La2¡xSrxCuO4 and non superconducting La1:8¡xEu0:2SrxCuO4.
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Abstract
This work comprises the experimental investigation of several trans-
port properties of the stripe ordering cuprate La1:8¡xEu0:2SrxCuO4 (0.08
· x · 0:2), in particular electrical resistivity, Hall-effect, thermoelectric
power and Nernst-effect. It is found that the stripe ordering has a strong
impact on these quantities. Superconductivity is suppressed and the resis-
tivity exhibits an upturn towards low temperatures. The Hall-coefficient,
the thermopower and the Nernst-signal are strongly reduced. The data
confirm that the Sr-concentration x = 1=8 is particular since this upturn
in the resistivity is smallest and a sign change of the thermopower occurs
at this doping level. Moreover, the suppression of the Hall-signal is only
evident for x · 1=8.
In addition, the temperature-dependencies of the diagonal and off-
diagonal components of the electrical conductivity do not exhibit a pro-
nounced difference, which is contradicting previous results where a strong
difference was found and 1D-conduction within the stripes was concluded.
Finally, the suppression of the Nernst signal is only evident with respect
to the superconducting phase of pure La2¡xSrxCuO4. At higher tempera-
tures the Nernst-signal is very similar for both materials and is unusually
large for a normal state metal.
Zusammenfassung
Diese Arbeit enthlt experimentelle Untersuchungen verschiedener Trans-
porteigenschaften von Kupraten des Typs La1:8¡xEu0:20SrxCuO4
mit 0.08· x ·0.20. Insbesondere werden Messungen der elektrischen
Leitfhigkeit, des Hall-Effekts, der Thermokraft und des Nernst-Effekts
prsentiert. Es wird gezeigt, dass die Streifenordnung, welche in diesen
Materialien bei tiefen Temperaturen auftritt, einen grossen Einfluss auf
die untersuchten Messgrssen hat. Die Supraleitung ist unterdrckt und
der elektrische Widerstand steigt zu tiefen Temperaturen hin an. Der
Hall-Effekt, die Thermokraft und das Nernst-Signal sind stark reduziert.
Die Messungen belegen die Sonderrolle der Strontiumkonzentration x =
1/8, da das Anwachsen des Widerstandes hier am geringsten ausfllt und
die Thermokraft bei dieser Dotierung einen Vorzeichenwechsel aufweist.
Darber hinaus ist die Unterdrckung des Hall-Signals nur fr x · 1=8 ev-
ident. Ferner weisen die Temperaturabhngigkeiten der Nichtdiagonalele-
mente des elektrischen Leitfhigkeitstensors keine starken Unterschiede
auf, im Widerspruch zu vorhergehenden Resultaten, welche als Hin-
weis fr eindimensionalen Ladungstransport gewertet wurden. Schliesslich
wird gezeigt, dass die Unterdrckung des Nernst-Signals nur im Vergle-
ich zur supraleitenden Phase von La2¡xSrxCuO4 deutlich wird. Im nor-
mal leitenden Zustand bei hheren Temperaturen ist das Nernst-Signal
von La1:8¡xEu0:20SrxCuO4 und La2¡xSrxCuO4 hnlich, jedoch ungewhn-
lich hoch fr einen metallischen Zustand.
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